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ABSTRACT

A field survey of engine and pump manufacturers izWa:ated that there Is
a potential problem whenever jet fuels are the only source of lubrication in pumps
or controls. Problems encountered included wear, scuffing, sticking, seizure, and

fatigue pitting. A literature survey confirmed that the pro!hIm existed but failed
to pinpoint the causes.

The friction and wear performance of ten commercial fuels, chosen to
represent a broad range of physical and chemical properties, differed markedly.
These fuels were inspected for viscosity, volatility, hydrocarbon type, and trace
constituents. The strongest factor affecting lubricity a p peared to be the nature
of trace polar components in the fuel. The exact components responsible have not
yet been d' .-mined.

The occurrence of sticking in the fuel control valve of operational JetI ~engines led to the examination of a number of commercial J'P-4's from different

sources. There was a good correlation between field performance of the fuels and
their performance in the laboratory tests. It was found that as little as 15 ppm
of corrosion inhibitors significantly !mproved the lubricity in laboratory tests
of those fuels that lacked lubricating properties of their own. Other lubricity
additives were even more effective.
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SlamIO I.

The goal of this vcrk is to delineate the fuel variables that my affect
friction, wear, a"d seizure of pums and other equipment using jet fuel as the
caly fluid.

Field mad Iterature surveys hbva shown that low viscosity, highly re-
fined fuels have had lbrication problems, especially at higher teveperatures.
The suvreysoar* reported in Section III. The emu"e of these pr,>blem has not

been pinpointed, alm•st every variable having been claimed to he an initial fac-
tor- viscosity, volatility, dissolved oxygen, dissolved water, sulfur compounds,
nitrogn copounids, acid crq•qouds, aromatic@, ead olefins. Data are being ob-

taieed onall1 of these variables tn this work.

Test devices used in th~is work are: (1) a ball-on-cylinder device,
(2) four-boll wear and U? testers, (3) a V.-kers vane purp, (4) a Falex tester,
sad (5) a Ryder gear machine. These devices are described and cospiLed in
S ction IV.

Ten comocial fuels, covering a wii;e range of fuel types, were obtained,

chemically analysed, and tested in the devices listed above, in order to relate
composition to wear, scuff, and friction perfornnce. These results are given in

Section V-A.

The effects at low concentration of a numiber of fuel corrosion inhibi-

tors, E? additives, extracted polar fuel compouents, and various species of nitrogen

and sulfur-containing compounds on the behavior of selected base stocks in the

weer and scuff tests were investibated in order to determine what types of con-

-ound decrease wear and scuffing. These results, given in Section V-1 and V-C

will be used as the basis for ' irther experiments aimed at elucidating the Merha-

nisa by which same cowqýoumds enhance boundary lubrication,

Included in Section V-S is a description of an in•vestigatioc of the ef-

fects of temparature change on wear in the four-ball machin-, aimed at separating

the effect of viscosity chane from other effects of temperature change.

After the stert of the program, a 1ibricity-related stickin, problem

arose in the field with J?-4 im ! particular jet-engine fial-coatrol valve, so a

ni.ber of JP-4 samples were obtained and tested. The effect of 3P-4 corrosi-3v

inhibitors oc the lubricity -f these fuels was investigst.d, since the discon-

"tinued use of theme additives appeared to have triggered the cotitrol velve prob-
lem. This work Is described in Section V-D.

A su ry of the work to date. with conclusions and an outline of future

work, are given in Soctious VI and VII. respectively.
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DEF INITIONS

The term.nology used in friction and wear phenomena is oft*n confusing.
For this contrac*, the following definitionss will be ý.sed-

Hydrodynamic Lubcication - lubrication when the surfaces never totich but are always
separated by a fluid film. The aoility of a fluid to maintain a full film Is z
function only of !ts viscosity. (This may not be true for viscoelastic iiquids,

but will certainly hold for the fuels being studied here.)

Boundary Lubrication - lubrication when the surfaces sometimeF r always .ourh
each other. This includei both the "mixed-fuim" regime, where sose hydroidynamic
lubrication still exists, and the "-omplete boundary l2.bricP:ion" regime.. *.here
viscosity effects are negligible.

Viscosity - will always be in terms of absolute viscosity (-entiaoises) and not
kinematic viscosity (centiFtokes). This distinction is importart only when depling
with liquids of widely different densities. It should not be particularly impor-
tar.t in this work because most of the hydrocarbz'-. of interest arL of the same
density range.

Lubricity - the non-viscosity part of lubrication. Lubricity is a much abused
term. In its narrow dictionary sense it -wans "a property that lessens friction."
For this cntract, however, the definio6on will be broadened to include friction,
wear or scuffing. if two liquids have the same viscosity but one gives lower wear,
or lower friction, or a loý.. tendency to sc,'fl, it will be considered to h've bet-
ter lubricitv. In general. the wo)rd will be used sparingly, and usually oriv to
denote better performance that cannot be ascribed to viscosity. For example:
"Fuel A gave loer wear, but it was not clear whether this was a result of its
higher viscosi:y or its better lubricity." Thc lubricity of a liquid will depend
also on the metallurgy and :opograptv of the surface. Two liquids may have dif-
ferent lubric-,v _.ý steel, bz the same lubricity on gold.

kubbing Wear - wear that occurs under non-scuffing ccnditicns. i,.Is is the kind f
wear ,hat requires pencils and knives to be resharpened, ,7... wears 1u' shoes and
courthouse scvs, and is the kind usually ('bserved in a four-ba)l -ear test ander
light-load conditi-ns. This sOMetIMCs called 'aorasive wear" but this assumes
t -echanisr ihat i. not unx _-saol - c-tpted. Other names have been "sip-le" wear,
"n.rs'' wear, and non-scuffing we.'-.

At Scuffi.t - a severe regime of lubricati-m marked by higher -wear and friction. This I
regime is entirely different -cc the "rubbing-uwe•-" or "' c-io~ad" regime. Transi-
t:c fica. ne regtme to ,he other -s suddien and sc,,ti'e• c-tastropt.ic. Inn thhe
four lall spars .us. a slight increase tn loa,4 or seeed can cauc the wear scar to

"reasc revera- fo!e sudder Y with a correspond•ng increase in fric ion. In the
Falex, A'wo, T'-en, and SW nE h:ne. scu..fing resLlts in -:rurr and failure of
the parts. These fests measure the scuffing-load. that is, the ic,-P: -, which lu-
br'casti--n changes from "rubbir4-weit" 'c scuifir.. In gears, scuffing my --ccur
withot;t catastrophic jailure because the gear -eeth leave the rt.-oe !i contact be-
fore extensive dage can be do-ve.

-3-
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Ir ' -s eMportant to differentiate betwien scuffing wear and zubbing
wear- In m~ny applicatiuas the important property is to prevent scuffing at all

' €cowt. A lubricant that gives v3ery low wear under rubbing-wear conditions may not
ae at -01 efiecttu in preventing the onset of ecuffing. it other applications, a
good LE'. Ilbrich.tnt (prevents scuff ing) may not be at all satisfa-tory becruse it
gives hio- vear in the low-load regime.

SAlmasi.- d*tT - wear caused by hard particles susiinded in the fluid, or embedded
in one ok the wearing su-facas.
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SEcTION III

FIELD AND LITERATURE SURVEYS

1. FIELD SURVEY OF PUMP MANUFACTURERS

In order to take advantage of the existing knowledge, a number of pump

manufacturers and engine builders were visited. A sumgry of the information

gained is given in the following paragraphs. As a general conclusion, it can be

stateO that relatively little in known about the effect of fuel variables on pump

failures except in the most general terms.

a. General

In tcday's jet engines the main fuel pumps are generally gear pumps

operating at 800-1100 psi. These are satisfactory for the most part but are hav-

ing some problems at higher fuel temperatures. These high temperatures are a re-

sult of supersonic operation and a high recycle ratio at high altitude cruise.

In advanced jet engines, the fuel .s elso being used as the hydraulic

fluid to the nozzle control surfaces. Ordinary hydraulic oils do not have the

thermal stability to survive in a closed loop system at the high temperatures in-

volved. However, it is possible to use fuel in an open loop system that feeds to

the main fuel supply to the burners.

The pump operating the fuel hydraulic system is a piston pump which must

operate at 5100 rpm and 3000 psi with a fuel inlet temperature of 300 F. Fuel

temperatures of over 50OF result.

b. Pump Description and Problems

(I) Piston Pumps -

The advantages of the piston pump are higher pressures and better efficien-

cies than either a vane pump or gear pump. It also can be designed to give variable

delivery rates. Disadvantages are complexity and high cost. The sketch on page 5 Chows

the configuration of a piston pump. It consists of a number of pistons (nine is a

typical number) arranged axially around a center of rotation. The pistons move in

cylinders cas: integrally in a single block that rotates with the pistons. The

pistons are attached by connecting rods to a drive plate and the main drive shaft,

with swivel joints (generally ball-and-socket) at both piston end and drive plate

end. The drive plate is set at an angle to the cylinder block and this angle causes

the movement of the piston in the cylinder bore. The greater this angle the higher

the pumping delive'y rate.

As the piston-cylinder rotates upward, the piston is pulled out, drawing

in fuel; as it rotates downward it pumps out fuel. Ports in the valve plates

direct the flow from inlet to outlet.

-5-
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PISTON PUMP

Srod drive plate
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The piston pump can be made as a variable displacement pump by aligning
the drive shaft and the piston axis, and using a drive plate that can be tilted at
any desired angle. In this configuration the connecting rod is attached through a

4 :swivel joint to a shoe which rides against the drive plate.

There are several pott.tial we-r areas in the piston pump:

e Piston and cylinde- bore-

Scoring and seizure -f the piston in the cylinder has been observed.
This results in a complete destruction of the pump, with ball and sockets torn
loose and connecting rods bent and broken. The clearance between the piston and.
cylinder are necessarily small, so any lubrication failure can cause sticking,
cocking of the piston, and seizure. In pumps where failure has not yet occurred,
there are sometimes a number of transverse score marks indicating partial sticking
and cocking. Wear of the cylinder bore is generally greatest at the center of the
stroke where velocities are highest.

* Connecting rod--drive end.

The swivel joint here undergoes an angular movement equal to the
angle of displacement--as imuch as 30% Consequently, there is wear in this joint
which shows up as end play, a looseness of the entire assembly. Although the ball
is of a harder metal than the socket, one manufacturer reported the wear to be
mostly on the ball. They attributed this to abrasive particles embedded in the
socket that acted as a cutting tool. In the ultimate case, the ball can pull
loose from the socket, resulting in pump destruction.

* Connecting rod--piston end.

SeteThis swivel joint undergoes very little motion and as a result can
seize. The piston then tends to rock in the cylinder and can cause further trou-
ble there.

6
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o Connecting-rod shoe.

In the variable displacement version the shoe rubbing against the
drive plate can wear exces*'vely. This appears to be rubbing wear, with no evi-

dence of scoring or seizure.

* Universal link.

Again in the variable displacement version, there is a universal
link between the drive shaft and the drive plate. This is subject to wear and,
if operated at zero angle for some time, to sticking.

* Ball bearing.

The ball bearing supporting the drive shaft is subject to fatigue
pitting.

Wear and seizure are aggrav.'ated by higher temperatures. However, mini-
mum clearances in the piston pump are obtained at low temperature.

(2) Vane Pump

The advantages of the vane pump over the piston pump is its ability to
handle fuel containing abrasive solid particles such as rust. Its main advantage
over the gear pump is its relative insensitivity to outlet pressure.

The vane pump consists of a rotor located eccentrically in a ring. The
rotvr has a number of radial slots fitted with vanes that are free to move radially
in the slots. The vanes press outward against the ring trapping oil between them.
Ports lo-ated in the side bushing control the inlet and outlet flow.

The most common type of vane pump is the double lobe type (See Figure 4).
In this type the loads are balanced so there is no net Load on the bearing.

The vanes are forced a3ainst the ring by a combinatiott of centrifugal
force and hydraulic pressure. In some designs, the outlet pressure is bled to the
back of the vanes. This creates a sizable unbalanced pressure at the inlet side
and can cause wear. For high pressure -umps, this pressure unbalance must be con-

trolled. One design provides a passage between the outer space near the vane and
the back of the vane. This balances the pressure between the two ends of the vane.
In another design, the face of the vane is made concave and a hole through the
length of the vane connects the face and the back to balance the pressure.

Problems with the vane pump seem to be mostly concerned with wear of the
ring and the vanes again-r the ring, although there is occasional scoring of the
port plate.

(3) Gear Pumps

Gear pumps have the aivantage of simplicity and low cost. They are
usually chosen for the main fuel iump on jet engines, delivering relatively large
quAntities of fuel at pressures of 800-1100 psi.

A gear pump consists of two interme3hing gears enclosed in a housing.

Fuel enters at one side, is trapped between the teeth and the housing, and exits

at the other side. An increase in outlet pressure causes an "acreased load on the

gear teeth and also on the shaft bearings.

-7-
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failure in Soar pumps can occur et either of these places. Lack of
suitable lubries-'ou can result in bearing seizure (sudden failure) or bearing
wear, which aLlows the gears to move relativc to the housing and thus cut into the
softer metal of the housing. Scuffing of the Sear teeth is also relatively com-
mn. The Sears are case-hardened, so that as little as 0,003" wear will break
throuh the case and then cause rapid veer. Tooth scuffing usually shows up first
as a loss of volumetric efficiency at cranking speeds.

There is very little evidence of fatigue failure on gear teeth but some
erosion has bean noted on the non-drive side of the Sears.

Wear of the side plate can also occur. If the plate is bronze, a so-
called "sold-dust" failure takes place.

c. LN Modifications for Fuel Use

It was generally agreed that wear problems increase when pumping lighterS~liquids. Th~s, jot fuels are more troublesome than hydraulic oils, and gasoline
is more troublesome than jet fuel. In pumping fuels the pump monufacturer has a

more stringent requirement to meet than with oils. Several methods have been
used to alleviate the problems.

a Harder metals.

In all pump designs wear and seizure are reduced by using hard
metals. Tool steel against tungsten carbide is used in both piston pumps and vane
pump- for high pressure output. These mr.tals are costly and hard to fabricate,
but are generally considered essential for satisfactory operation.

a Dissimilar metals.

One pump manufacturer, particularly, felt that wear and seizure
were reduced by ensuring that the two rubbing •,irfaces were of dissimilar com-
position. This was considered secondary to hardness, however.

9 Surface finish.

There was general agreement tnat very careful attention was neces-
sary in the fabrication of parts. One manufacturer had carried out a computer
solution for the hydrodynamic film thickness on the gear teeth when using Jet fuel.
This turned out to be 5 microinches indicating the necessity of a superfinish of
I microinch roughness if a hydrodynamic film is to be maintained.

e Break-in.

Satisfactory performance was often highly dependent on a suitable
break-in. The break-in procedure also depended on the eventual liquid to be
pumped; for example, a break-in on JP-4 was satisfactory for continued use on JP-4,
but was not satisfactory for further use on Avgas. For Avgas use, a slow break-in
on Avgas was required.

One manufacturer said that with their gear pumps it was customary to lap
in the housing with the gears, letting the pump do its own surface finishing.

__________________________________



9 Surface plating.

For high speed operation, a thin layer of silver or gold can be
plated on the rubbing parts. These are soft and prevent seisuva. Lead or lead-

indium flashing is also used. There was very little experience with solid lubri-

cants such as molybdenum disulfide and those who had tried it were iot enthusiastic.

d. Exierience with Different Fuels

There is very little information available on the effect of fuel vari-

ables on pump wear and seizure. A summary of some of the prrblems that have beer

encountered in the field is given below.

A fuel pump wear problem was encountered many years ago with the• Lucab

piston pump on the Nene engine. It was found that the problem could be solved by

making some mechanical changes and also by using 3% of Grade 1100 avistion oil in

the fuel.

In a current engine test development program, fuel operating tempera-

tures of 500F are encountered. This is above the thermal stability of regular

jet fuels so a special high-stability fuel is used. This fuel has a lower vapor

pressure, is more highly refined, and has a lower sulfur content than regular

fuel. At low temperatures (120F) this fuel gave satedfactory operation in the

pump (a Vickers piston pump), but when operated at 500F, a failure resulted

within 50 hours. Using 3% aviation oil was not a satisfactory solution because

the fuel would then no longer pass the thermal stability requirements.

Ubing the Ryder gear test as a screening tool, it was found that aary

EP -nd antiwear a4ditives would give satisfactory wear performance but only three
or four, of these could pass the thermal stability requirements. Of those addi-
tives only one has been used in the large pump in the engine. This is used at a

concentration of 320 ppm as a 50% solution in toluene. Understandably, the engine

amanufacturer concerned does not want to do additive testing in the full-scale en-

gine stand, so that the data on the full-scale pump is limited. High-stability

fuel is satisfactory at low temperatures, is unsatisfactory at high temperatures

when run without additive, but is satisfactory at high temperatures with a suit-

able additive. There is no information whether ordinary jet fuel would be satis-

.actorv at high temperatires because it has not been run under these conditions

due to thermal stability limitations.

In order to screen fuels and additives, a small piston pump test has

been developed by one engine ninufacturer. This test utilizes a Vickers PF-24-

3906-25 pump, which 13 not only much smaller but also differs in meLallurgy from

the full-scale pump: steel pistons in a bronze barrel instead of tool steel pis-

* tons in a tungsten carbide barrel. Fuel is pumped frc's an 8-gallon reservoir at

30OF at 19.54/min through a recycle system for 24 hours. Wear is usially ob-

served as end play of the piston assembly. If the test is completed without fail-

ure, the pump parts are scrubbed with MMK and are used for the next test. This

test has given good cL;relstion with the larger piston pump: high-stability fuel

passes at 12OF inlet but fails at 300F. Failures were obtained at nine hours

and eleven hours in two tests. Additives give satisfactory performance at 30CF.
J, An aviation kerosene was satisfactory at 2257.

=This same engine manufacturer has had a similar high temperature pump

failure problem with a gear pump tesL. Puming a naphtha of 306F FBP (0.03% S,

i9-
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12.47 aromatic, 2.77. olefln), an immdiate failure was obtained. With a small
emovat of lubicity additive sufficient to give a Ryder load of 700#/inch, the pump
failed at 300 hours. With enough additiwe to give a 1100-12000 Ryder, no failure
was obser.ved Is 380 hours. The fuel in this test was changed every 100 hours.

During this reporting period inform tion eas received from one of the
jet engine manufacturers that malfunctioning of a fuel-control valve was occurring
it the field. This trouble seemed to have started at about the time that certain
changes hbd been made in the jet fuel at the critical location, one of the changes
being that the corrosion inhibitor had been omitted. A study of this problem was
made under this contract and the results are given later in this report.

I
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2. LITERATURE SURtVEy

As a part of this contract, a search has been made of the literature
pertaining to the lubricity of jet fuels. This search has covered three cats-
gories as follows:

o Wear of jet-fuel ptpm.
Lubricity of pure hydroc&abots and non-additive fuels.

* Effect of trace constituents and additives in jet fuels.

In tasking this search, the following sources were checked:

a Library abstract card file on Jet Fuels, Lubricants, Lubrication and
Pumps to 1963 and API Abstracts 1963 to date.

* Engineering Index.
e U.S. Research and Development reports.
a Technical Abstracts Bulletin.
P Search by Defense Documentation Center.
o Chemical Abstracts.

a. Wear of Jet-Fuel Pumps

Very little information on the wear performance of jet fuels in service
was covered in the literature.

Five series of simulated flights of 3500 miles at Mach 2-1/2 and 3 to
investigate the performance of three current quality Jet fuels (AST)4 Jet A) are
reported by CRC(l). Each series represented 35 to 100 cycles (flights). Bearing
failure of the fuselage booster pum was experienced in each series except the
fourth and, in this - ies, the pump was replaced at the start because of imainent
bearing failure, and again after 106 hours for loss of volutric *fficiency.

Erra,.ic wear of fuel pumps was found in four Canadan airline operators

of jet aircraft (2). It was the author's conclusion that kerosene gives better
wear protection the- JP-4 and will tolerate more contamination.

b. Lubricity of Hydrocarbons & Non-Additive Fuels

The effect cý chemical structure has been studied by several investiga-
tors. Sakurai (3) studied benzene, decalin, heptane, cetane and squalene; Tami(4)
studied banzene, retane, decalin a..' dicyclohexylmethanc. Both concluded there was
little friction-reducing effect of any of the hydrocarbons, particularly when
cowered to more polar compounds such as esters. Nagata, at al. (5), studying
alkyl benzenes, reported a minisom friction and minisom wear when thp side chain
had 12-14 carbon atous. Usually, however, higher molecular weight &eve lower
friction & weea.

1vin & Kretz (6), using highly purified compounds, showed that chemical
struct:ea was more important than viscosity. Arositic compounds gave lower fric-
tion and wear than alipnatics, with unsaturates intermediate. Kowevrr, all in-

vtstigators agree that small amouts of Impurities can mesk general structure

effect$.

The effect of viscosity on lubrication is well-known. However, there
ts no" debate about the importance of viscosity in low-viscosity systnws or
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msder hitevy toads. Furey and Appeldoorn (7) reported that metallic contact and
frictioa in a sliding system decreased smoothly as the viscosity via raised from
2 to 1OO0 ca. A small effect for pressure viscosity was also shown. The effect
for viesosity vws less in the low-viscosity range of jet fuels. Klaus at al. in a
cones of reports (8, 9), concluded that viscosity is important in Sears and by-
traouLic pusps, where there is a considerable hydrodynamic component in the opera-
tela. They also showed a beneficial effect for viscosity in the four-ball machine,
bet concluded that it was a difference in volatility rather then viscosity that

Saccounted for the effect. This conclusion has been challenged by Fetin (10) and by
tounds (11).

Temperature &enerally increase the severity of operation, but doe-z not

Alweys increase wear and friction. Typical behavior is that reported by Hopkins
and St. John (12): raising the temperature in a four-ball test causes a sudden
increase in torque -- obviously the transition from rubbing wear to scuffing. The
effect has been amply confirmed by others (e.g., 9, 13, 14).

The cause of the temperature effect is sore controversial. In early re-
ports, Klaus at al. (9) attributed this to a decrease in viscosity, and concluded
that tests on a low-viscosity fluid at room temperature would be equivalent to
tests on a higI viscosity fluid at hiober temperatures, provided the viscosities
were matched. Later, they belicved that volatility differences at elevated tem-
peratures were sore important. Softening of the metal surfaces has also been sug-
gieted as a possibility, but this has not yet been established as a major factor.

On the other hand, temperature can also cause an increase in oxidation,
with the formation of polar compounds of good lubricity (9).

c. Effect of Additives and Trace Components

The importance of trace amounts of polar compounds is weli-known. Ex-
cessive refining can remove these compounds (as, for example, in medicinal white
oils) to give a liquid that is no longer a lubricant. Little has been done ins
identifying these polar impurities, however.

Several investigators have examined the effect of dissolved oxygen.
Feng and Chalk (15) reported that ie...vina dissolved oxygen decreased the wear
rate with SAE 1015 steel, but greatly increased the wear rate with cast iron.
Klaus and lieber (8) concluded that oxygen in concentrations up to 0.2 ppm was a
good antivear agent for steel-on-steel, but their data make this appear to be more
of a temperature effect. At higher concentrations of dissolved oxYgen, there was
s decide" pro-wear effect. No effect for dissolved oxygen was foukid it the lubri-
cant was an ester, polyphenyl ether, or chlorinated biphenyl. Rounds (1.1) has
questioned the vsaldity of Klaus' conclueion.

Fein and greuz (6) reported that for squlanoe, d!issolved oxygen in-
creased wear but prevented seizure. For cyclohexane, no effect was noted; for
benzen, oxygen reduced veer but did not prevent seizure. Sloe change in the wear
pzoduct fru Fe0 to Fe203 and F7304 wa§ found as oxygen increased. The signifi-
cance of oxygen has been questioned by Owens et al. (16).

Kichkin at al. (13) evaluated several additives in a wide-cut jet fuel
of Russian origin. Metal deactivator had litt~e effect, but a combination of an-
tioxidants (substituted phenol and phanylenedismine) at 0.17. conxcentretio i"m-
proved the ioad-carrying ability. SEnder, these latter may seriottsly affect
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thermal stability, based on th#i- adverse effect found for sulfur compounds in
general (17).

In a series of reports (18), Conboy examined the feasibility of lubri-
cating jet-engine roller-bearings with jet fuel containing various additives at 1%.
concentration. In a toot rig at 650-700F, the best additives were found to be
phosphitis and phoephites, of which tri-p-tolyl phosphorothionat• (-e Q - 5

was preferred. This additive was evaluated in a 100-hour teot at 500F in a J-6S
engine, lubricating the center and rear main bearings. Wear and corrosion were l1M
tut carbon deposit was heavy in the cage pockets.

Ku and Lawler (19) evaluated the use of various EP additives in a 525F
end-point kerosene as lubricants in the Ryder gear test and WADC higb-temerature
bearing test. The Ryder tests were at 165F so that the fuel was in the liquid
phake, but in the IdADC test, the bearings were at 600F and were lubricated by a a
jet of fuel which partially vaporized. In both tests, additive combinations were
found that gave better load-carrying capacity than a MIL-L-6068A lubricant. Zinc
dialkyldithiophosphate and some proprietary ashless additives were the most
effective.

d. Sury

Very little information is available in the literature about the wear
characteristics of fuels in actual operation of jet engines. The la w viscosity,
high volatility and relative purity of these fuels have been singio ! out as major

causesntrepo urction , with te mpraur raggrtavat7i0g the beattoL Additives wr on ob

look promising as a way to attain better load-carrying ability, but some may lead

cuesiforpoo lubricat8tion ceithr tederatre eagravatring8 thren corrisio. Additives

to heavier deposits and so be unsatisfactory.
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From the field survey it appears that the wear and seizure problem en-
cortomced are idameical with all pip types. The mintenance of the desired by-
drodymemtic film is not possible because of the high loads and low viscosit'es
Involved. iger speeds generate more hest, causing the viscosity to drop further,

wbich iL turn brings on increased rubbing eoJ more heat generation. The use of
harder metals helps by reducing the area of elastic contact, thereby reducing the
fri-tional hbet. Similarly. autifriction compounds in the fuel, either naturally

Soccurring or intentionally added, reduce friction and prevent wear and scufflng.
The ability of any particular pup to resist wear and scuffing depends on many fac-
tots, amug which are unit load, rubbing speed, configuration of rubbing surfaces
(ease of forming i hydrodynamic wedge), heat removal, viscosity and inherent coef-
ficiest of friction. Tt does not appear possible nor even desirable to try to

duplicate all of bhes* -onditions in the laboratory. Rather it will be the objec-
tive of this program to discover the fundasmetal differences amoS fuels that
govern their lubricating behavior, to apply this knowledge to the performance of
laboratory pumps and Sear reets, and to extend this information to predict behavior
in full-scale field equipit.

In this program five test devices were used for lubricaLion testing.
They were (I) The ball-on-cylinder device to determine friction and wear Lu the
"a/ted-film" regiae between hydr-dynamic and complete boundary lubrication, (2) a
standard four-ball apparatus to masure wear in the more heavily loaded region and

1sio to deterrmine the "scuffing-loal", (3) a Vickels vane pump to measure wear and
loss of volumetric efficiency in an a.tual pump, (4) a Falex tester to measure EP
performance, and (5) the Ryder Sear test to reasure tooth scuffing. These test
devices are described below.

a. •all-on-Cylindez Device

(I.) General Description

This apparatus measures metallic contact and friction and has been pre-

viously described.( 2 0 ) The apparstvLs is shouwn in Figure 1. Te system, consisrtig

basicallyof a fixed metal ball loaded against a rotatin Lylii6er, i one of pure

sliding

The extent of metallic contact is determined by measuring both the instan-

taneous and average electrical re~istance between the two surfaces. in genera'.

the electrical resistance fluctuates very rapidly from a very high value to a vex,

low value, suggesting that metalli- contact is discontinuous. The average recorded

resistance, therefore, is a time average and is consequently related to the percent

of the time that metallic contact occurs--hereafter referred to as "percent metallic

contac t."

N- 1 -
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Tie frict£on between the ball and cylirde- is maa~ured by meane of a small differen- •

';Jal transformer and io Tecorded continaus~ly', The differenc--!s in frictional b•c-
havior batooev fuels to often not so much in the average It "el is in the relative
smvothpabs of the trace. A poor fuel gtves a Jagged trace, Indicatin;, stick-mlip,which is easy to 7ee, but hard to express as K'nwqjer.

Wear of the b~ll or cylinder can be determined by mking diret m eastiru-
ments under a microscope. The wear icar on the ball is not circular bat elI iptical,with the major Axis perpendicular to the direction of travel. Thia ccmes about be-

cause of the wear of the cblinder, which is somewhat softer than the ball. The r-ar
scot repc 'ed is the averagi of the major and minor axis.

oh With thes apparatcs, the entlir rehs a hydraeyndic (rno hystad cc con-
tact) to pure "boundary" lubrication (contnuaous metallac contact) can r readily
investigated. There te generally a close correlation between friction, wear, and
percent metalric cor.oact. however, percent metallic contact loses its sistlifipanceSiat higher laador xere the contdct is 100% for ll fuels. Also, where stick-mla p is
observed (very eratic frte tio ) the ball literally chatter3 an thie track, giving a
misleadingly low value of metallc contact. refr this study, the metallic contact
teasureents are of u.npdrance lostly in detecinng the formttion of a nor-conductiny
layer oa the rubbing surfaces. This layer comes from the reaction between fhe wetr.
surface and a fuel additive, and generally results in lower iriction.

For non-additive fuels, the wear sc1 r is a good mealsre of the degrei!e of
oriction. Wear scar diameter (WSD) is therefore quoted elly a nsively. For fugls
containing additives or large amounts of sulfus or nitrogen compounds, the wear
scar may not reflect the degree of friction. These cases are alwayt notated in this

report.

(2) Test Sge-imens

The test balls uatad in this study are standard balf-inch Grade I btios
made of AISI 52100 steel and having a surface ioughness of about 2 m, cro-inces CLA
(Center Line Average). The cylinders (1.75 in. diahefeter) are also made of AIS! 52100
consteel and have a surface r oughness of about i-12 mictroginches CLA. The weardness Z
the balls is 65 Rockwell C; of the cylinder 5h Rockweal C.

(3) Test Procedure and Conditions

in these tests, the metallic contacr and frictional befavior of a given

lubricant at a given load and speed ire recouded wth timei The test. were generally

run for 32 miiutes at room temperature (7?7), and at 240 rpm (56 cm/sec sliding
speed). Loads were varied from 15 to 1000 &, cot.responding to mean Hertz pressures
of 21,S0C to 82,000 psi. In each test, a new ba]l and fresh track were used. TI.1re
is some variation in the test results from cylinder to cylinder, probably because of
minor differences in out-of-roundness. This source of drctr wa3 minimized by making
comparative runs on the same cylinder (10 or 12 separace tracks) thus allowing a di-
rect relative rating.

b. Four-Ball Wear and EP Testers

One of the most co-son instruments used iu lubricity studies is the four-
ball war tester. Bacical', the machine consists -,f a spherical metal ball held in
a rotating chuck, in contact with the faces of three stationary meta). balls. This
simple pyramidal Feometry allows an accurate evaluation of wear caused by the slid-
ing bodieb ii contact. The frictional pull can also be computed via a simple spring

- 16 -

/ I. .

,, .2



Sp"

gauge. At the conclusion of the test, the three cell balls are Itudied microscopi-
crlly to determine the size of the war scar produced. Such scars rye generally
circular or mlightly elliptLcal in form, with relatLvely uniform ver•,cal striations
present in the worn area. The parameters that appear to be significant in datermin-
ing wear s6ar diameter (WSD) ai:* load, speed and time.

The instruments used in this investigation are the Normal Four-Ball Wear
Tester fScietififc Pf'ecision Crmpany, Chicago, Illincis, Catalog #73603) and the
ahell Extreri Pressure Four-Ball taster (Catalig #2008). The normal wear tester
caa be operated under a number of test conditions. The applied loads ca.n be varied
for 0.1 to 50 kg, the temperature can be controlled from ambient to 250C and three
mechin-_ speeds are available; 600, 1200 and. 1800 rpm. A modification is being made
to allow t.i.e use of luads up to 100 kg.

The Shell Extrime-Pressure Four-Ball Tester is limited to one speed,
1800 rpm, has no .,mperature control and can be operated at loads up to 800 kg. The
operation of the Le testcr ;.s sim.ilar to that described for the normal wear tester.
However, it is custoý,.•ry "o uce the EP tester for a series of 10-second or l-;ainute
tests at increasing loads. Ac some load--called the "acuffing-load" or "seizure-load"--th2 size of the wear scar .uddenly jumps from around 0.3-0.4 m to 1.5-2.5 mm.
"This is accompanied by a ccrresponding increase in friction and noise. Further in-creases in load will eventually cause the four balls to weld together. The "Weld-point" has not been determined ia the investigation.

c. Vickers Vane Pump Test

(1) General Description

A schematic diagram and a photograph of the Vickers Vane Pump system are
shown In Figures 2 and 3. The pump is a positive displacement vane pump, Vickers
V-104-!-l0 type, with a rated capacity of 1.8 gpm at 6 psi and 1.1 yn at 1,000 psi.
It is driven by - 2 hp motor at 1155 rpm. The fluid circulates through a pressure
relief valve, sequence valve, rotameter, cooler and Eump of ten-gallon capacity.
The temperature of the fluid in the sump is thermost tically controlled by an elec-
tronic relay. The flow systaa. is connected with 3/8 inch stainless steel tubing.
A calibration bu-ette is installed in parallel with tOc rotometer. The fluid chn be
bypassed into the burette for precise me-asurements of the flow rate.

The pumping cartridge, as shown in Figi.re 4, is replaceable. It consists
of 12 vanes (15 mm x 12 mm x 2 ram) placed freely in the slots of a rotor and con-
fined by a ring. The vanes are forced outward by both centrifuged force and the out-
let pressure of the fluid which is fed behind the vane. Both sides are covered with
a tronze bushing. Major wear takes place due to the sliding actiov between vanes
and the ring, Minor wear occurs on the surface of the bushings.

A secondary device is attached to the pump system. It consists of a pair
of hydraulic cylinders, one of which is deiven by pump preksut..t through an arrange-
ment of a solenoid valve and limit switches. Its reciprocating motion drives the
piston .f the second cylinder in which the test fluid is charged under N2 -press'ire
at one et:i and discharged at the other end, Wear, leakage rate past the piston ringsand surface finish of piston assembly are measur:•. To date, this secondary devicehas not yet been used for this project.

Each test was made at a specified pump discharge pressure and specified
sumo temperature. Because of the low viscosity of jeý fuels relative to the ,.sual
hydraulic oi.ls, the highest pressure possible was only 350 psig. Test duration was
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FIGURE 2 SCHEMATIC DIAGRAM OF VICKERS VANE PUMP SYSTEM
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FIGURE 4 COKPI~gTS OF ?LW!M' CMRTIIIDG OF VICKERS 'JAM r"MP
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24 hours, and a new pumping cartridge was used for esch ruii. itll the components

were weighed and their surface roughness measured b, a Talysurf ?rofiliueter.

6. Falex Wear Tester

This apparatus, commonly used as an 27 wsear tostar, consists of a 1/4-inch
diameter pin (SAE 3135 steel) rotatingi at a constant speed between two V-shape blocks
(AISI 1137 steel). This assembly is Lmersed in the t.st fuel during a test. The
load is applied by pressing the V-blocks agairst the pin and is measured on a gauge
calibrated to read total pounds on the faces §ý. V-blocks. The friction between the
contact surfaces is measured by a strain ga1upe.

In these tests, a starting load c. 100 lbs is held for two minutes. The
load is then increased in 50 lb increments and he'd for one minute after increment
until failure occurs. The criteria for failures is that the load cannot be main-

tained at a constant level without an -brupt inc~ease of friction torque being ob-
served. This is recorded as scuffing load.

a. Ryder Gear Test

(1) General Descriptijn

The Ryder Gear Test is P' standa'd :iethod (Federal Test Method 791a) to
measure the load-carrying ability ot lubricating oils. The test gears are special
AMS-6260 steel spur gears which are combined vimn two "slave gears" in a "four
square" arrangement. Lorling via oUl pre..sure c~auses an axial movement of one ý,Ar
shaft relative to the u.thier, imposing a load or. the test gears. The lubricant 4a

fuel, in this case) is ;prayed on the teeth of the test gears. The operatin~g zon-
ditions, which were se~t up to evaluate lubricants rat~her than fuels, call for an
inlet fuel temperaturt of 1651r and incromental five-pound loading steps of 10-minute
duration. After each 10-minute period the gears are inspected through a microscope
and the area of scuft on each tooth is noted. The average area of scuff is then
computed.

This sequence is followed until the 'v.erage gear tooth scuff is 407%. The
average percent of tooth area scuffed is plotted on a semi-logarithmic scaleI
against the loaid pressure, in psig. By convention, the result at 22.5% scuff is

used in the evaluation. Two determinations can be made for each set of gears by a
simiple reversal of the two gears on their shafts. (These are referred to as tests
on side "A" and side "B".)

(2) Smaller Load Increment4s to be Adopted

Since the Ryder Gear-Erdco Universal Tester is accepted as a useful meass-
ure of the load-carrying ability of fuels and lubricants, several antiwear additives
were evaluated by this technique. Beca,. e the test was originally developed to

* evaluate lubricantis rather t',an fuels, the specified loading conditions may be t-'o
severe for fuels if the load-carrying capacity of the fuel is low. In this c.ase,
few steps will be necessary to produce high scuff with resulting error In the evalu-
ation of the 22.5% scuff point. For instance, less severe increments wh~ch can be
used are three-pound steps of ten-minute duration or three-pound steps of five-esin-
ute duration. For the base case, pure Beyol 35, this was especially important sinceI it five-pound per ten-minute steps, Side A had no points below 22.5% and Side 5 had
only one. Undei tmie more gradual loading conditions of three pounds per ten-minutes
and three-pounds per five minutes, two points were obtained below 22.5% for each
side.
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As can be seen in the table below, the choice of load and time increments
(whether five-pound or three-pouad steps. five-minute or ten-minute duration) had
little effect.

affect of Wad and Time Imrements in lyder lest

P4a0l: Dayoi

Ceerati-ag Increments Scuff load, Pound/Inch
Led6 Ab Tim, win Sigles Lost AveraMe

S1 0 3 3 9 , 6 7 8 5 0 8
3 10 493, 493 493
3 5 628, 452 540

Therefore, the more precise 3 lb/l0-minuto step will be used for most of the Ryder
Gear tests in this program.

2. COWAIISM AND RVAIAM N OF TI•S INSTILMITS

A necessary part of this program was to establish the ability of the vari-
ous test devices to detect mall differences in lubricating propczties between fuels,
since in most cases the devices had been develcped to test more viscous lubricating
oils. Both wear and scuff testers were used. Their usefulness for this program is
discussed below.

a. Com2arison

(I) Wear Testers

There was general agreement in the ranking of fuels between the three de-
vices used to measure wear--the ball-on-cylinder, four-ball, and Vickers vane pump.
This 's shown in Table I which coares wear results for the three devices for
nine of the commercial fuels. The ranking correlation analyses in Table I show that
the correlation between the ball-on-cylinder and four-ball testers is significant at
the 99% level. The rankirng cozrelation between the four-ball machine and the Vickers
vane pump was significant at the 95% level. These good correlations, together with
the fact that the rankings by these machines agree with field experience with pump-
wear problems, indicate that these tests give useful measurements of the wear pre-
vention properties of let fuels under loaded boundary lubrication conditions.

.1) Scuff Testers

Three devices were used to measure scuffing effects--the four-ball tester,
Falex tester, and Ryder gear test. The Pyder gear machine was too severe to detect
the differences in K? performance of fuels, although the effect of high (O.l1% con-
centrations af lubricity additives in fuels could be seen. The Falex test was
capable of dividing the 10 co rcial fuels into two broad classifications--the five
most highly refined fuels (Iayol 35, MF-173-61, W-523, 75L1-LV and AFFS-3-65) and
the low viscosity naphtha wore grouped together as the poorest antiscuff performuers.
The JP-4, J.P-5, WAA-176-64 and the diesel fuel were shcvu to have better load-carry-
ing ability than the above six fuels. This classification is in agreement wit•. nCe

enre selective ranking given by the ball-on-cylinder, Vickers vane pump and four-ball
wear results in a rubbing wear regime.

T"e four-bell machine has not been evaluated as a scuff-tester at this time.

22
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Table I

Correlation Between Wear Tester.

A

Comparative Wear Test Bata

Foor-Ball Test Bell-en-Ce Tsnder Tes t Vickers Vane Pump
(10 Kg, 1200 RPM, 97F) (240g, 240 RPM, 77F)
Wear Scar Diameter (m) Wear Scar Diameter (m) (350 psig, 90F)

Fuel (Adjusted to 60 man.) (at 32 minutes) Wear mg

AMFB-3-65 1.04 0.58 4317
PW-523 0.86 0.64 4944
RAF-173-61 0.81 0.56 266
BAYOL 35 0.80 0.42 5354
75-LN-LV 0.70 0.53 250
JP-5 0.70 0.42 646
JP-4 0.62 0.37 160
RAF-176-64 0.61 0.30 71
Diesel Fuel 0.52 0.29 4

B

Degree of Correlation

(Spearmans Rank Correlation Method, see page 59)

Acceptance Limits r 0 0.83 0.05 * 0.64

a,0.01 T5,00

Tests Being Compared Evidence of Significance

Four-Ball and Ball-On-Cylinder 0.96 Significant at 99% A.L.
Four Ball and Vickers Vane Pump 0.82 Significant at 957. A.L.
Ball-'?n-Cylinder and Vickers Vane Pump 0.78 Significant at 957. A.L.

(:) Naphtha data are not included because its low volatility
meant that (a) it could not be pumped in the Vickers vane
pump and (b) evaporation induced cooling and concentration
of heav.y ends occurred in the ball-"n-cylinder test, whic"
probably caused a reduction in wear idte during runs.
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b. Ivaluystuoe of Individual Test Dvices

(I) Stl-oeC,�•lin,,r Machine

The ball-on-cylinder device vie developed to fill the need for a rugged,
yet sensitive, device for evaluating surface-action lubricity ade '- -- s. It is
uniquely capable of detecting differences in the lubricating prop dis-
tillsts fuels under boundary and mized hydrodyemic and boundary . Au.tiot.-. This
sensitivity was clearly shown during this program and is demonstrated here by the
results given in Table It for 15 ppm solutions of comercial additives in isooctane.

it can be seeu from the results in TablelI that the highly-purified, poor-
lubricity isooctane was clearly distinguished from the same isooctane with traceI (15 ppm) quantities of surface-active additives. The year scar diameter was re-
duced by as much as 67% by the additives. The time-averaged friction reading
showed a significant decrease, both in absolute value of the coefficient of fric-
tion and the smoothness of the friction trace. During all these runs with pure

isosctane. the oscillation of the friLtion reading suddenly became so violent that
the range of the recorder was exceeded, and in one of these cases the run had to be
discontinued because of excessive vibration of the test instrument.

(2) Vear Behavior in Four-Ball Tester

In comparing the wear characteristics of different lubricants in the four-
ball wear tester, it may be misleading to use only one length cf test, say 5 minutes
or 1 hour. Feng(21) has shown that three separate numbers are required to character-
ise each fluid: a "zero-time" wear, which is obtained aimost instantaneously; a
nomal wear rate where the wear volume is directly proportional to time; and an
equilibrium wear at which any further increases in time do not increase the scar
diameter.

In order to ensure that meaningful cnmparisons could be made between
fsels with respect to their behavior in the four-ball tester under non-scuffing
wear conditions, a series of studies were carriad out in this machine, using cetane

4as the test fluid, in which wear was measured as a function of load, speed am time,

The purpose was to find the uost suitable speed and load conditions for future test-
in& and to establish that the test was well behaved, in that wear volume was pro-
portional to running time.

As indicated above, the time dependence of wear can be represented by
three distinct regions, the "zero time" wear, the normal wear, snd the equilibrium
wear regions. Feng pointed out that on a log-log plot of time vs. wear scar diame-
ter the slope of the line representing the normal we~r region would be 0.25. There-
fore, a comprehensive study has been made of this time dependence for fcur Iods:
5, 10. 30. and 50 kg. The results of this study are shown in figures 5 to 13.
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TAIL! II

BAwL-H-CyrLm RlCUL TS

Steel on Steel; 240 KIN; 32 Minute Tests;
15 ppm Additive Soluti..ns in Isooctane

Amplitude"()
Coefficient Of of Friction

Wear Scar Friction At Record As %
Additive Diameter (m) End of Test of Average Value Notes on Friction

60 I Load0.0( .0 (2( )None0.60 (0.30)(2) (+ 20)2 Suddenly too er-atic

to record at 20-min.
(2) (2)

None 0.62 (0.30) (+ 11) Suddenly too erratic
to record at 15 mmn.

Oleic Acid C.21 0.13 + 2

ER-3 (3) 0.27 0.14 + 3

ER-4 0.46 0.14 + 6

ER-5 0.?8 0.14 + 3

ER-6 0.21 0.13 + 3

ER-10 0.21 0.14 + 3

240 & Load
None (0.73) (0.30)2) (+ 25) (2) Suddenly too erraticto record at 20 min.

Run discontinued.

ER.! 0.32 0.18 + 4

ER-5 0.32 0.19 + 5

(I) The period of oscillation for the friction read-out on the
strip chart recorder is about 1.5 seconds and is limited by

the detection and recording mechanim. Although this rept'e-
_ •sents about 6 cylinder revolutions, or 33 inches of travel for

the ball across the cylinder surface per oscillation, there is
a consistent relationship betwecn the amplitude of orcillation
and severity of wear.

(2) Readings taken just prior to break into highly erratic fric-
tion regime.

(3) Cnde nmbers refer to proprietary adCtives. See Section V-3.
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the rusaing-in wear reeion #ad the normal wear region -re present in all
cases. ,A all tests, oxcept the 10 kg, 100 rpm series, there is no Indication
that as epilibrfim war scar region has been attained. Feng's interpretation of
fo -ball test results is a general o", meant to hold over a wide range of fluids.
Il had toumd that low viscosity fluids were not as likely to attain this final
a,,1ilibrian regim in reasonable test period@, as were fluids of higher viscosity.This is probably ý4&* to the extremely poor load-carrytn$ -opacity of the*e light

t fluids. As to wtar volume grove larger. the unit ioadin& de•°,_.eas since the
• area of contact is increasing. Hlence, a point is reached at wh.'ch the fluid is

able to oulOrt this unit load In a mixed boundary-hydrodynamic fashion and no

is difficult to reach.

The initial wear scar diameter represents the t-fly pa•st ot Lle ran,
wvetre even at a few seconds run-tog time an appreciabLe w -scat is o _ained.
This is so•ewhat above the Hertz diameter c-&culated for ea, lcs Zhe i-itial
WSD increases with load, but is itndependent , f ,ed. At 5 and .,. kg this ioitial
wear periao is only about one minute long; at 30 kg it is about fi e miautes and at
50 kji about tcn minutes long.

The normal wear region is weil behaved iughout these tents; all con-
*ditions except one yielding a slop- of '.25 as pr icted by Feng. The exception,

50 kg &t 1200 AM14, occurs in a region of high r-'nm 8-in wear and is quite close
to the catastrophic wear regime as shown in Figure 14.

The runnifg-in wear and log-log slopes. r the various runs are tabulated

below:

WeaC vs. Time tests--r-r-Ball Wear Tester

.3 4
deInitial Wear Rate, m-=nX 104

Load, k __ Speed_ Mm mm. _

5 600 0.19 0.306"I ^1 00 0.22 0.486
1200 0.24 1.06

1800 0.22 1.04
30 6O0 0.50 1 5

!200 0.56 3.20
1800 0.58 1.•5

50 600 0.70 2.8
"00 0.70

The ornsal we.r rate lonStanL, k, is obtained from tre equation

k - 1.545 X 10-2 d 4 lt

"where d zs the wear scar diaz.rer and t is the test duration, and 1.-45 is a con-
stant for a SZCiUw of this art lurjjy and ball size. This eqt..tion is valid for
tests of such durar'on that the rurning-in war. by corpJ.ridon, is rr,1ig&•b1y awal'
An alternative expression can be used if this runntng-in period must he taken nt,"'
£Ccc-)unt.

vine steady-state wear region show that the wear rate is a functio-n k'1
both ioad ard speed. however, at the highest load and sDeed the points do noý

:aive slo"s equal to Cr.25. For future coarisors of weer rate the conditiorns -I
10 kg and R)" t' vill Ik used.
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SECTION V

UPDKML RtFS ML

I. COMMPAISON OF T C(Ie(KR•.TAL Im

a. Proar Outline

With the aim of establishing a relationship between composition and
lubricating properties, ten comercially-available distillate fuels were obtained
for laboratory investigation.

The chemical composition and appropriate physical properties of the
fuels were analyzed as thoroughly as possible using established analytical methods.
The lubricating properties of the fuels were measured in the ball-on-cylitder,
four-ball. Falex and Vickers vane pump devices.

b. Description of Fuels

A iist of the fuels are given in Table III together with a brief descrip-
cion of the fuel characteristics. A full description of the fuel analyses is
given in the next section, followed by the experimental lubricity results.

c. Fuel Analyses

(1) Viscosity and Density

The viscosities and densities of the fuels investigated in this work
are given in Table IV. The viscosities were obtained with an Ubbelohde capillary
viscometer and the densities t-- precision hydrometers. For all fuels the density
shows an almost constant decrease of 0.00040 g/ml per "F

The absolute viscosities (cp) of the fuels are plotted in Figure 15
ub.ng a modified ASTh chart. The ASTM chart was developed for kinematic vis-
cosities (cs) and has been modified for absolute viscosity (cp) by relocating
the vertical ordinate so that the line representing 0.4 cs becomes 0.3 cp and
so on The equation for the modified chart is thus:

log log (ýp + 0.1 + k) - -M log T + C

whet k -, 0.6 at viscosities above I ' cp and gradually increases at viscosities
below 1.4 cp. Th.is chart gives a relatively straight line over the range of
77-30OF (25-1500).

* It will be seen froo Figure 15 that the jet fuels, with the exception
of JP-4, have viscosities vith'_A the narrow range of 1.02-1.64 cpilO0OF. JP-4
is considerably lighter at 0..,9 cp Bayvl 35, the white ,il used as reference,
t• l.84 cp The bracketing fuels are a diesel fuel of 2.15 cp an. a naphtha of
0.25 cp. these rep.--sent the -.! ,es of cne mixed fue's.

1"he viscosity-teinperaturc lints of the f.eis are roughly parallel;
i.e., crossovzrs ar-e negligible. Thus, if one fuel is more viscous than another
at one temperature, it will be more %:scous at all temperatures, with o•nly minor
exze~tions. T'he same can be expected to hold for viscosity-pressure relation-

-h i p it
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I I I )•- I ,.

.-orce Caracteristics

W-113-61 USA? - CIC Fuel Bank, Highly naphthenic,
-'od liver. Mll. C9-C 16 hydrocarbons

l ~375-5.0•)"F boiling -smnge;
relatively high viii-osity.

&AJA 3-65 USAF - P'uel Bank Highly naphthenic and
Wo River. 111. isop-oraffinic,

C9-C2 jhydroc*.. oon$
3 5-125F boiling range-
relatively low viscosity

Bayol 35 Hutmble Oil &Refining Co. Isoparaffinic and naphthenic,

Cl1-C14 hydrocarbons,
4OO-5O0°F boiling range,
relatively high viscosity.

PW-523 Humble Oil & Rtefining Co. Low aroma tic3,

CJO-CIt hydrocarbons,
4,00-47 *F hoiaing range.

Standare Re finin

JP-5 USAF - University of Co-¢1 bl-nd)

Da yton 315.-B,5*F boiling range.

RAP-176-64 USAF - CRC r-,el Bnk ýtandard je-t-A,
Wood Vlver, Ill. Cq-ý16 blend.

75 LN-LV USAc - University of Mainly CI0--C13 hydrocarbons
Dayton 325-425"F boiling rainge.

JP-4 Humble Oil & Refining Co. Wide-cut •l

C5"C15 hyvdrocarbons,
l75-45"F boilirtg range-
lx-V viscositv.

Die~el Fu:el Humble Oil & Refini•,- Co. hainl-: ClO-C-m hydrocarbons,
4-5-515'F t-,iling range,
highear viscosiry i

Light Naph•tha Humble Oil &Refining Co. C4-C7 "Z.Vest vl-sco•iitv. :t* F -o n 9
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(2) Volatility and Carbon Ntuaber Breakdown

Engler distillations of the fuels are presented in Table V and sho%.:
graphically in Figure 16. Gas chromarographic separation by carbon number are

xgven in Table VI. Again, as in the case of viscosity, it can be seen that the
bracketing fuels are naphtha and diesel fuel. This is demonstrated in Figure 17
showing the relationship between the 50% distillation temperature and viscosity.
Essentially all of the naphtha boils below the lowest boiling fraction of any
other fuel; and 75% of the diesel fuel boils above the highest boiling fraction
of any other fuel. The widecut nature of JP-4 is easily seen. Bayol 35, PW-523,
75 LN-LV, and JP-5 all have very narrow boiling ranges. AFFB-3-65 is a slightly
wider cut, and RAF-173 and RAF-176 wider still, but all are relatively narrow
comps.red co JP-4. Of the jet fuels only RAF-176-64 has an appreciable amount
as high as the C16 fraction - 3.7%. The 75 LN-LV is almost entirely C1 3 and
below; AFFB-3-65 almost entirely C12 and below.

(3) Breakdown by Hydrocarbon Type

A hydrocarbon type analysis was carried out using mass spectrometry.
This analysis separates fuels into paraffins, 1-ring naphthenes, condensed 2-ring
naphthenes, condensed 3-ring naphthenes, indenes, '-ring aromatics, condensed
2-ring aromatics, and condensed 3-ring aromatics. Because of the low carbon
number of these fuels, most of the naphthenes and aromatics are 1-ring compounds.
Condensed 2-ring and 3-ring naphthenes have been grouped as are condensed 2-ring
and 3-ring aromatics and indenes. Combining these data with the data on n-
paraffins obtained from the G. C. analysis, the iso-paraffinic content can also
be obtained. Sulfur compounds are not identified separately but are included
in the aromatic fractions. The mass spectra combined with the gas chromatography
results described above, yield the breakdown by species given in Table VII.
Examples of highly paraffinic (p4-523 and light naphtha), highly naphthenic
(RAF-173-61) fuels and a wide range of aromatic contents are included.

(4) Trace Impurities

The three most important impurities likely to influence lubricity are
sulfur, nitrogen, and acidic compounds. Analyses for these classes of material
are given in Table VIII. The most highly-refined fuels, particularly the hydro-
fined PW-523 and Bayol 35, are low in all three impurities. The diesel fuel was
highest in all categories.

The acidity of all 10 fuels was run in duplicate by two analysts using
extreme care. This was necessary because of the profound effect (noted in
"Table II) of only 15 ppm of oleic acid on friction and wear. This amount of
oleic acid gives a neutralization number of only 0.003 mg KOH/g, so an accuracy
of 0.0002 in neutralization number is required. The procedure is as follows:
add 25 ml absolute alcohol to 100 g fuel, sparge with nitrogen for 5 minutes,
then, without interrupting the nitrogen supply, titrate with 0.01 KOH using
neutralized bromothymol blue (end point pH 7.6) as indicator.

The agreement between analysts was quite good, differing significantly
only for the naphtha sample. Only two of the fuels--diesel fuel and RAF-176-64--
had acidities of more than 0.015 (7 ppm as oleic acid), Acidity of the diesel
fuel was 0.12, RAF-176-64 was 0.010.
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TABLE VI11

SULFUR, NITROGEN AND ACUITY OF THE C.CIAL MOao

Sulfur, Nitro•., Acidityl, 3 )
PPM(1) OM Neut. No. X 103

PW-523 <0.2 <, Iint) O

Bayol 35 ( 0.2 < 1 1 <0.2

75 LN-LV < 0.2 A1 0.5

AFPB-3-65 75-80 4 1 1.4

RAF-173-61 29 < 1 3 0.3

JP-4 32-34 2 4 1.5

JP-5 162 ( I nil 0.8

Naphtha 135 3 5 <0.2

RA" 176-64 560 < 1 8 9.5

Diesel Fuel 2300 13 158 120.0

(1) Sulfur determination via Lamp method.

(2) Nitrogen determination via KJeldahl method.

(3) Colorimetric titration. Values are in ppm KOH/g.

(a) (b) Different analysts. Analysis (b) is probably ¶
more accurate.
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d. Wear Results on Commercial Fuels

The ten commercial fuels have been evaluated in three different weer
tests: ball-on-cylinder, four-ball, and Vickers vane pump. There is a general
agreement among the three test methods. Diesel fuel and RAF-176-64 consistently
rate best and next best; JP-4 is considerably better than would be expected from
its viscosity; PW-523 and AFIB-3-65 are generally the poorest in wear and friction.
Thm results are discussed below:

(1) Ball-on-Cylinder Tests

This test has been found to be quite sensitive to fuel behavior. Three
values are measured: fricti-.n, metallic contact, and wear.

Friction generally correlated well with wear in these tests. For
example, at the 60 g level, diesel fuel (lowest wear) gave a steady coefficient
of friction of about 0.11 throughout the entire run. This contrasts with PW-523
(highest wear) which gave friction values oscillating between 0.13 and 0.29. At
the 240 g level, wear and friction correlated quantitative'y. Again, diesel fuel
gave a constant, steady coefficient of friction (0.13) compared to fluctuating
values from 0.16 to 0.19 for PW-523.

As already mentioned, metallic contact at the 60 g level was more an
indication of stick-sli- and bouncing than it was of true severity of operation.
At 240 g load the film thickness was so low that metalli, contact existed 100%
of the time for most fuels. Only for the three best lubricants--diesel fuel,
RAF-176-64, and Bayol 35--was a decrease in metallic contict noted.

Tests were run on the ten fuels at loads from ýi g to 1000 g, at
a speed of 240 rpm (60 cm/sec) and for a 32-minute reriod. The wear data are
presented in Table IX,where the fuels are arranged in order from bad to good.
The last two columns are tests run all on the same cylinder and for 64 minutes.
These tests eliminate any differences due to cylinder-to-cylinder variation,
which may be present in the 32-minute tests.

It will be seen that the Diesel fuel is consistently the best in
lubricity. This is to be expected, for this fu!., has the highest viscosity,
lowest volatility, and has by far the greatest amount of sulfur, nitrogen and
acidic compounds. RAF-176-64 consistently rates second. This fuel is also
high in sulfur and acidic components. Of the fuels poorest in iubricity, PW-523
and 75-LN-LV are also the most highly refined, with low !Fulfur and acidity.
AFFB-3-65 and RAF-173-61, also relatively low in trac constituents, were also
poor in lubricity.

A fairly good correlation appears to exist with aromatic content .JP-.,
for example has 24.57. aromarics, -ad this may be the explanat on for its unex-
pectedly good performance. JP-5, RAF-176-64 and diesel fuel -- all good in
lubricity -- also are high in aromatics. There are two except ions: Bivol 35,
which is completely free of aromatics, was surprisingly Aood in this test; pos-
sibly its higher viscosity is partly repoisible. 75 ',N-11. which is fairly hiych
in aromatics, 107., was one of the poorest.

It is OL'vious that the components most responsible fotý ood lubricitv

have not been pin-pointed.
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These runs establish several important points:

* Fuels d.'ffer markedly in their friction and wear behavior.

* The differences are apparently more a function of polar constituents

than bulk properties, but this is not entirely clear cut.

* Frictional behavior can be determined frc>a the wear scar for non-
additive fuels.

* The ball-on-cylinder machine is a useful laboratory device for
asseasinE frictional behavior of Jet fuels.

(2) four-Ball Testa

lased on the study of the wear behavior of cetane, discussed in Section
IV-2 above, the following standardized test conditions were used.

a Test loads and speed have been chosen to be 10 Kg and 1200 rpm,
respectivtly.

* The equilibrium wear scar requires excessively long test durations
for low viscosity fluids and is therefore not pursued.

a Five test durations, 15 sec, I min, 4 min, 15 min, and 1 hr,
have been chosen to define the normal wear region and to get some
indication of the level of initial wear.

a For less extensive tests three test durations, 4 win, 15 min, ana
I hr have been chosen for determining the normal wear reglon.

0 A test teperature of 97F (3K) was adopted as a convenfent
temperature--s"awhat above ambler,.--that could be maintained in
spite of frictional heating. This par:icular temperature was
chosen because it formed tie base of another part cf the programt:
n-heptane has the sa--e vi-:osity at '47F as IP-5 at 300F'.

Figures 18 and 19 are log plits of WSD vs. t Ime and shoi Lhe relative

performance of the ten counercial fuels. The data are sumarized in Table X,
vaicf. gives the wear rate (mn 3 /min), and the corresponding WSD at 60 minutes.

Diesel fuel was again best, as would be cxpected, and RAF-176-64 again j
second best. PW-523, 75-LN-LV, AFFB-2-65 and R01-173-61 all gave rel-t!iveiy high
wear. Again. JP-4 outperforwek asi other iet fuels in spite of its low viscosity,
possibly because its wide-cut nc;ure permits z relatively large am.ýurt of high-
lubrility coupo%.nds.

In contrast to its behavior in th, bal'-on-cylinder :,sts, na,*htha in
tir fadr-ball test gavw by far the highest 6ear, :-ossiblv because its very low
vi..cositv is more critic-l in this test, or ;i., r-fects of evaporation less
marked. Ra,,l 35 was also rela:iveiy peor c-pj'a;ed tCo the l'al---."-' .er
results, being little better that, FW-'?3.
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There appears to be a reasonably good correlation with arcmatic content
in that the five worst fuels have . 3% aromatics and the five best fuels have
S10% aromatics. However, it is impossible with these data alone to decide

definitely which of the many variables is most important.

The differences in the behavior in these two test methods and the
anomalous behaviour of certain fuels will be examined more closely in future
work.

Table X

Four-Ball Wear Results for Com.iercial Fuels

10 Kg, 1200 rpm, 97F

talc
Wear Rate WSD at Vis/97F, Arom. Acidity

Fuel rm3/Min x 104 60 Min cp % ppm KOH/g Spm NpmPI
Naphtha 11.1 1.44 0.25 1.9 0.2 135 3
AFFB-3-65 3.0 1.04 0.98 1.4 1.4 80 4

PW-523 1.3 0.86 1.21 1.6 0.2 /0.2 1

RAF-173-61 1.i 0.81 1.70 2.4 0.3 29 /1

Bayol 35 1.0 0.80 1.88 0 0.2 "0.2 '1

75-LN-LV 0.61 0.70 1.04 10.1 0.5 '0.2 2
JP-5 0.61 0.70 1.21 15.6 0M• 162 (1

JP-4 0.37 0.62 0.50 24.5 1.5 34 2

RAF-176-6& 0.33 0.61 1.09 15.3 9.5 560 <1

Diesel Fue!. 0.18 0.52 2.18 27.0 120.0 2300 13

(3) Vickers Vane Pump Tests

(a) Commercial Fuels Show Marked Differences in Pump Wear

Of the ten commercial fuels, nine have been tested in the Vickers vane
pump. The naphtha was found to be too low in viscosity, giving essentialiy no
outputs JP-4, because of itq relatively low viscosity, could only be tested at a
slightly lower pressure (300 psi) and lower sump temperature (83F); otherwise
volumetric efficiency was nearly zero. Test data are shown in Table XI. As in
the laboratory rigs, these fuels gave a very different pump wear. For highly-
refined fuels, such as PW-523 and Bayol 35, severe wear occurred. The total wear
amounted to approximately 5000 mg. For some other fuels like RAF-176-64 and
diesel fuel, the wear was very mild," 100 mg. It was noted during the tests that

for fuels giving low wear (< 200 mg weight loss), a visible deposited film was
coated on the rubbing area of contact and might accounL for the wear protection.
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A series of pump tests were carried out on Bayol 35 at a sump temper-
ature of 90F and outlet pressures of 100, 200, 250, 320, and 350 pesg in order
to investigate the effect of pressure on wear in a vane pump. The test data in
Table XII is plotted in Figure 20 and shows ring wear and vane wear for 24-hour
runs as a function of pump pressure. Pressure is an important factor in a vane
pump, because the load of the vane on the ring surface is mainly from the back
pressure of the discharge fluid which is introduced to tne back end of the vanes.
(The load from the centrifugal force is estimated to be only about 15 psi.) The
load for the sliding contact between vanes and the ring surface is therefore a
function of outlet pressure. As shown in Figure 20, wear fncreases as the
pressure or load increases. An abrupt increase of wear occurs at a pressure of
200-250 paig. This indicates the probable transition from rubbing wear to
scuffing wear. From the Talysurf data shown in Table XII, it can be seen that the
surfaces of the vanes and rings were roughened as a result of wear. The degree
of roughening of the surface is, however, not directionally consistent with the
extent qf wear. Beyond 300 psig, the roughening again decreases. It may be that
the presence of wear debris in the system causes some abrasive wear to keep the
rubbing surfaces from being over-roughened.

The effect of temperature on the severity of wear is not clearly defined
in these data. For fuels giving severe wear, it appears that wear generally in-
creases when going from 90F to 125F. In the case of PW-523 and AFFB-3-65, the
higher temperature runs had to be terminated because of excý.sive wear and low
volumetric efficiency. However, for those fuels giving mild wear such as
RAF-176-64, 75-LN-LV or diesel fuet, the increase of temperaturi seems to further
reduce the wear. This indicates that these fuels might contain trace components
and that the antiwear effect of these becomes more pronounced at a higher
temperature. The abrupt increase of wear by increasing the sump temperature
from 90F to 125F indicates a sharp transition from mild to severe wear.

In comparison with Bayol 35, under the same or even milder test con-
ditions, as shown in Figure 20 and Table XII, the currently marketed jet fuels,
JP-4 and JP-5, gave less vane wear and ring wear, althoutgh the viscosity of JP-4
or JP-5 is considerably lower than that of Baycl 35 (0.54 cp for JP-4, 1.28 cp I
for JP-5 and 2.06 cp for Bayol 35). This experimental evidence is in line with

the common belief that fuel pump wear became a serious problem when highly-
refined fuels were used. This also indicates that viscosity is not the governing
factor in wear severity in the Vickers pump.

With JP-5 a sticky material was deposited on the surfaces of the pump
parts. The deposits became heavier at higher temperature. It appears that the
wear particles may be adhering to this sticky material. It is postulated that
this mixture might cause some abrasive wear so that the surface was not roughened
but, in one case, even polished. The lower wear, better surface finish, or
perhaps the sealing effect of this material may be the cause of the relatively
higher volumetric efficiency given by JP-5 as shown in Figure 21.
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(b) Correlation Between Trace Impurities
and Pump Wear Is Indicated

The effe,. of viscosity and trace components in fuels on pump wear was
investigated by analyzing the test date by means of Spearan's rank correlation
method. Each fuel is ranked as 1, 2, 3 . . . for each variable and the variables
are then compared. The coefficient of correlation Y can be computed for two
variables which are hypothesized to oe correlated. The calculated coefficient,

is compared with the given acceptance limits to determine the significant
evidence at a certain confidence level. This analysis is a rank randomization test.
It is used here to d,,tect whether the variation of wear is directionally consistent
with that of viscosity or content of trace components. The equation for computa-
tion and the computed results are shown in Table XIII.

Viscosity

The viscosity of the fuels after each test was checked and showed no
appreciable change. Values of viscosity at any specified temperature in pump tests
were therefore interpolated from the analytical results given in Table XI. As
shown in Table X2I under these test conditions no significant correlation is
detected between the severity of wear and the viscosity at the sump temperature. A
further analysis was made using the viscosity at the outlet temperature which is
closer to the bulk fuel temperature inside the pump. The combined test date at two
sump temperatures, excluding those with very short duration, are tabulated in
Table XIV. The result still fails to show r correlation between the viscosity and
wear. There is, of course, a correlation between viscosity and volumetric
efficiency. Excluding these runs with severe wear (<3000 mg ring wear) which
caused the excessive loss of volumetric effici-ncy, a linear relationship between
the viscosity and volumetric efficiency is inoicated in Figure 22. The linear
correlation coefficient was computed to be 0.91, showing significant correlation
at 99%. confidence level. The line of regression was thus de-.'ruined and is also
shown in Figure 22.

Polar Components

In general, the leas-highly-refined fuels had more polar components of
all kinds: aromatics, sulfur one nitrogen compounds, and organic acids. Not sur-
pringly, a good correlation was found between wear and each of these polar con-
stituents. This is given in Table XIII. Thus, Bayol 35 and PW-523, which bad
negligible sulfur conte.,C (<0.2 ppm) gave the highest wear. Diesel fel (2300
ppm) an4 RAF-i76-64 (560 9pm) had the highest sulfur and th lowest wear.
Sin.'l::viy, :or acidity, diesel fuel and RAF-176-64 were the only fuels having a
neutralization nL-mber ato',e ,.005 gKOH/g, and gave the lowest wear. Acidity in-
creased only slightly in any of the tests. indicating that oxidation was negli-
gible.

The best correlation appears to be with arivatic content. All fuels con-
taining " 2% frometics gave mvere wear. Those fuels containing "lofC. aromatics
gave rather satisfactory perforwn-cc.

It should be botin in mind, howover, that these re.s !t* do not establish
a cause-and-effect rel.ati'nship between a polar constituent and wear, houever rea-
sonable it no) sees. Thus, although certain acids can reduce wear. it aaes not
necessarily follow that all acids can do so. Similarly. although sulfur compou,4*e
are widely used as EP adcitives in lubricants. it does not mean that the sulfur
compounds found in Jet fLel have anti*Tar properties. The various components cam-
prising "polar impurities" must be isolatte !n future investigations.
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TABLE XIII

l COWRELATION FOR TEST DATA FROM VICKERS PUMP TESTS

Acceptance Limits: 6 O.O0 - 0.833, ý(s,O.05 , 0.64

Sump Temperature
_ F __ Evidence of Significance

Wear vs. Viscosity 90 0.12 No

Wear vs. Viscosity 125 0.03 No

Wear vs. ppm S 90 0.66 Significant at 95% A.L.

Wear vs. ppm S 125 0.76 Significant at 957, A.L.

Wear vs. Neut. No. 90 0.81 Significent at 957 A.L.

Wear vs. % Aromatics 90 0.85 Significant at 79% A.L.

Wear vs. % Aromatics 125 0.89 Significant at 90% A.L.

where d a the difference of numerical ranks of two corresponding variables.

n - number of fuels rarked.

(G. W. Snedecor's "Statistical Methods," p. 164)
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TABLE XIV

YVThOglT• va VOLAER.C OFFICI, NCY AND WEAR

Outlet Viscosity Volume Wear,

Temperature F cp Efficienc 7. in Vane

Diesel Fuel 94 2.30 61 4 0

RA7-173-61 103 1.bO 57 235 31

Bayol 35 115 1.55 24 5150 204

Diesel Fuel 136 1.36 43 4 6

JP-5 94 1.23 43 561 85

RAF-173-61 144 1.10 16 4240 294

RAF,-176-64 96 1.10 48 39 0

PW523 110 1.10 26 4944 100

75 LN-IV 104 0.91 37 200 50

AFFB-3-65 106 0.90 26 3656 661

JP-5 i34 0.88 30 1119 11

75 LV-LV 136 0.7C 26 127 0

!kAF-176-64 I -'.-2 0.77 18 39 0

JP-4 104 0.47 18 157 3

Spearman Rank Correlation

Ac-cetptance Limit: K . " C.4b

s,0.05

,0.01 0.645

.i We =, 0.11, No Correlation.mViscosity' vb. Ring Wear, e

Visc(sitv vs. Vane Wear, ( - \.25. No Correlation.

Viscos itv vs. Vol Efficie,•-.y, O.L2. Sjgnificzt st 95' A.L.

4
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(c) Friction ip r'ump Vlarie for Different Fuels

A difference of pump outlet temperature for various fNals tented at the
< ~same ir,-p tomperature and prespurt vat evident. The variatlaon of the tP.%vraturaradient between the inlet and outlet of the pump indicawes the difference of

friction for various fuels in pump operation. The power lose (A Pp) due to

S~friction was estimated by an energy balance using suO, test data as th~e t-Mp
S~temperature (To), outlet temperature (TO), pumping preeture (?), fuel der~sity i

-[. ( f )pum•ping rate (V0 :

f r ictio0=1 heat absorted + rate of heat !os
power loss by fluid per unit to surroundings

•.F =V [Cp T0-s 4 P1 + J (he 4.h A (t _%-T a (1)

C 'a Ls e specific heat of various fuels and is obtained from the

gcneralized chart on page 93 o• Maxwell's "Data Bok. on iydfocarbane."

J is the heat-energy converr. factor.

(hc + hr) is defie ._s th• comb.-,ed coefficient for convection end radiation

(Perry's Haneook ci CT.iemlcal P.gir-.ering, Third Wition, p. 474).

A is the exvosed srea for ýleat loj.

T is t.e ainbiert tzmj.zaturr.

The frf.cti ,n forc-, F, can then be evaluated from

F A~ 'i I
U (2)

where U is the lL..r velocity of rotation. The load of the vanes on the ring
stirface .s •inin.y fl'oa the back pressure of the dtscharged fuel. Since in the
discharge cycli the pressure is counterbalanced, only the six vanes in the suction
cycle are liades. Based on thl information, the total load znd then the coeffi-
cient of frictfr.n can be evaluated.

These computed values cf friction are tabulateZ in Table Xky The
coefficient of friction rcnges from 0.05 to 0.41. Thlese reotwzlt indicate th-a t e
friction is generally high when severe wear occurs. However, there are exceptiouR.
75 LN-LV fuel and JP-4, for instance, gave a friction coaff',cie•.t >0.3. The wear
for both fuele was vather low. It appears that the anti-&cuffing effect prevails
as long as a surface protective film is present on the rubbing aiea, but Lhib film
is not necessarily effective in reducing friction.

There se*nas co be a general tendency for friction ro iiucreiae at a higher
temperature for most fuels with the one exception of 75 LV-L -which had lcAer
friction at the higher temperature. It is intiresting to note that this save
c2fect was observed for additive fuels, at noted later 0 This ageaS indicates that
the frictional behavior ot fuels containing adOitives is quite unpredictable, even
though they all show a pronounced sati-wear effect.
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TAILE XV

p - 350 psi 8

Pwo'ier Loss
Smp Due to Friction FrLctiot. Coefficient of

Ti~erature. F £c-lb/lec lb Frictionr

Diese1 Fwua 90 84.0 7.2 0.07

125 251.0 21.6 0.22

I Sayol 35 90 460.7 39.6 0.41

RAP-173-61 90 260.0 22.3 0.23
125 276.0 23,8 0.25

PW-525 90 395.7 34.0 0.35

1JP-5 90 59.0 5.1 0.05
125 192.0 18.3 0.19

RAF-176-64 90 146.2 12.5 0.13
125 210.0 20.0 0.21

.1 LWI-LV 90 367.4 31.5 0.32
125 165.0 16.0 3.17

AFFB-3-65 90 289.2 24.8 0.26

JP-4 84(1) 287 4 24.7 0.30

(1)At 300 psig pressure.

f I
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(d) The Ring Surface Softened
After Severe Wear

The two rubbing surfaces of the pump cartridge are made of deep-hardened
alloys with a hardness of Rockwell "C" 60 and 6 high resistance tc weir. in* VdtaP
is made of a molybdenum base tool steel having a high resiceance to softening at
high temperature. The ring was made of deep hardened bearing steel having a low
resistance to softening at high trmperature (>300F). The hardness of the wear
surface of the vane was measured after the test and found to have undergone little
change. In contrast, a deciued change in the hardness of the rings ;as noted. It
was also found that the hardness at various spots on the wear surface varied over
a wide range. A macro etching procedure was employed to identify the variation of
hardress on the metal surface, using a Nital solution (4% HN03 in alcohol). As a.
illustrition, a micrograph of a segment of ta etched ring from a pump test using
AFFB-3-65 fuel is shown in Figure 23. The dark area is the softened region, having
a Rockwell "C" 40-52 hardness, whiie the tight area shows only a small change of
hardness(Rockwell "C" 57-60). The reason for this nonuniformity of hardness is
unknown. The values of hardness for wear surfaces of rings from pump tests using
various fuels are listed in Table X"1. It is interesting th the severity of wear
can be estimated from the lowest value of hardness: A ring surface softened to 45 2
Rockwell C or less indicates severe wear; one softened to 55 Rockwell C indicates
mild wear. When there was very little wear (e.g., diesel fuel te:'ed at 90F, sump
temperature), the hardness of the ring was practically unchanged. It is known that
this alloy does not soften appreciably below a temperature of 30OF, which is con-
siderebly higher than the hulk fuel temperature in any tests. This is good evidence
chat a local high temperature on the rubbing surfaces was developed Jue to the
metal-to-metal contact. It is therefore postulated that in severe wear the ring
surface was softened by the high local temperature and then scoring occurred due to
the difference of hardness between the ring and the vane which could retain its
hardness at such a high temperature. The presence of a surface protective film
minimized the metal-to-metal contact, so that the ring was softened to a lesser
extent. This might contribute to the reduc-'on of wear.

I
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FIGURE 23 ETCHED RING SEENT --

VICKERS PUMP TEST WITH AFFB-3-65 (X5)
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TABLE XVI

!%ARDNESB OF RINGS AFUZI MUN TESTS

Sump pgrdness, Rockwoll Ring Veer
TeMserature, *F Dark Areoa%' )Li L .

Bayol 35 90 "-47 56-60 5150

PW-523 90 39-50 56-59 4944

P.AF-173-61. 125 44-50 55-60 4240

AFFB-3-65 90 44-52.5 57.5-60 3656

JP-5 125 44-51 53-57.5 1119

JP-5 90 51-56 57-59 561

RAF-173-61 90 51-56 58-59 235

75 LN-LV 90 54-60(2) 200

JP-4 84 54-59.5(2) 157

75 LN-LV 125 55-59.5(2) 127

RAF-176-64 90 53-58 58.5-59 6

Diesel Fuel 90 57-59(2) 4

Diesel Fuel 125 55-59.5(2) 4

New Ring 58-59.5(2)

(1) Etched area.

(2) Dark and light areas s'e not distinguishable.

e
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2. ,fECT CF TRAE C•(•IP•ENTS. VISCOSITY AND TEMPERATURE

a. Effect of Trace Co2ounds
(1) Co,,,t . .Considerations

Sitever lubricating pruperties are possessed by conmercial jet fuels are
often attributed to the presence of compounds. These include almost all species
present !,. a blend aside from paraffinic and naphthenic entities. Thus, compounds
containing hetero atoms (e.g., S, N, 0) as well as olefinic and aromatic materials
are included in this category. The test results for additives down to the 15 ppm
concentration level presented earlier in this report certainly indicate that the
presence of minute amounts of polar constituents in hydrocarbon fuels favorably
affect their lubricity properties.

One phase of this study is therefore to determine the effect of various
polar compounds. Two appc.3aches are being followed: (1) Various aromatics, sulfur,

nitrogen and oxygen compounds are added to a pure hydrocarbon to note their effect.
The sulfur and nitrogen compounds are those known to exist in petroleum crudes from
analytical work carried out by API Research Projects 48 and 52. The oxygenated com-
pounds cover those that may result from air-oxidation of the fuel. (2) The fuels are
extracted to separate the polar compounds, and attempts made to identify the most
active constituents. Sore exploratory work has been started along both these lines.

(2) Effect of Added Nitrogen and
Sulfur CoMounds on Cetane Lubricity

A list of the compounds tested, together with their molecular structures
and boiling point, is shown in Table XVII. These include sulfides, disulfides,
mercaptans, ring sulfur compounds, aliphatic and arumatic amines and ring-nitrogen
compounds.

(a) Ball-On-Cylinder Results

The ball-on-cylinder machine was used to study the lubrication character-
istics of the organic sulfur and nitrogen-contafning compounds listed in the above
table. Solutions of su~fur and nitrogen compounds in cetani were prepared at 17. S
or N (by weight) in all cases in which the solubility was high enough. The per-
tinent data at the end of the test are susmarized in Tibles XVIII and XIX.

No reduction in % metallic content was noted, indicating that none of
these compounds formed an insulating layer on the rubber surfaces. Likewise, wear
in all cases was as high or higher than with cetane alone. Certain of the compounds
did reduce friction however, giving lower values and less erratic traces. These were
the two marcaptc. dibutyl ,.Ifide, and phenothiazine.

Phenothiazine is only very slightly soluble in hydrocarbons anad therefore
was present only in a very low concentration. Therefore, some of the other compounds
were tested at concentrations lower th.an 17.. These tests, summrized in Table XIX,
merely confirm that the cokapounds have no effect on metallic content, tend to be
pro-wear and reduce friction only slightly.

Two of the compounds were also tested at lower concentrations. These
data are given in Table XIX.
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Table XVII

Nitroggn and Sulfur Compounds Added

Structural
Compound Formula D.P., 9C. (7(.0 B.)

Benzothiophene 22l*C.

Benzyl Kercaptan O C2H194*C.

Butyl Dioulfide COli9 S-S-CA1 226*

Dibutyl Sulfide C4H9-S-C4H9  l820C.

Octyl Mercaptan C8H17SH 1980

H

Carbazole ______355*C.

Naphthylamine 300' (Sub.)Hi
Phenothiazine N 371*

Quinol ine 237*

Tri-n-butylemine (COOP)3 216'
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_ 0r.N ULAW AND PMM,

(240 rpm., 240 8., 32 min.)

Wear Sear

% metallic Coefficient Diameter
SContact of Friction (m)

beuthio 'ow . 92. .13 0.26
soisnyl meroe4an 93 0.11 0.26

Dibuyl dsulf ide 97 0.11 O. 24

~ b" ' y l st u lf i d e 9 4 O. 1 4 0 . 2 6
Octyl rmrc., a2 96 3.12 0.24
Carbsole* 95 0. 11 0. 27
"3 thylamsno* 95 0.13 0.19

ftenothiauine* 91 0.11 0.26
Quino to 92 0.13 0.26
Tri-n-bt ylamine 96 0.16 0.28
Cetane (average of three runs) 93 0.13 0.21Solubility limitations prevented the preparation of a 1% solution; phenothiazine,

which contains both S and N, was run as a saturated solution (less than 1% S or
N) while carbazole and naphthylamine were run as slurries. In all three cases,
solubility was marginal (i.e., much less than 1%).

TABIX XIX

K7FIST Or SULFUR AND NITROGEN COMPOUNDS
OCERTCUATION DEPENDENCE

%. metallic Coefficient Wear ScAr
S( Wt. S) Contact of Frction Diameter, m

Dibutyl sulfide 1% 97 0.11 .26
0.22% 94 0.15 .19
0.0227. 94 0.13 .20Octyl Merceptan 1% 96 0.13 .24

0.227. 93 0.13 .23
0.0227. 90 0.13 .20

-- I
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(b) Four4ball Tests

Some Sulfur Comounds Improve Scuff-Load
The wme compounds have been tested on the four-ball normal wear tester

at loads up to 80 kg. It appears that, at these more svere conditions, certain

sulfur compounds reduce scuffing wear, altboug• they have no effect ot rubbing
wear. These include beunyl and octyl mercaptao, dibutyl sulfide, &,d butyl
disuLfide.

Figure 24 is a linear plot of wear scar diametr vs. load for 1% sulfur
solutions of butyl di.i.lfde and cctyl mercaptan to eteane compared to cetane

itself. The reduction in wear scar diamter is especially marked at high loads
when scuffing cccurred with the base fuel. The butyl dioutfidt solutioo also
shove less wear than pure cetone at light loads. Table XXI lists the wear scar
dimeters for all solutions at givej loads.

It appears that the type sulfur compound which could be effective in
these regimes is either of the mercapcso sulfur or disulfide type. This ýs not
unexpected since these materials would be more reactive to metal surfaces osn
unosulfides or ring sulfur.

Two Nitrogen Conounds Decrease Wear but Kot Scuffi.nj

Several nitrogen compounds thec could be trace components in jet fuels
were also tested, a&ain at 1% N concentration. Two such compounds, naphthylenio.
aand quinoline, were found to increase the scuff load beyond 35 kg. && shown in
Table XX below. However, none of the nitrezan compounds improved scuffing wear at

loads greater than 35 kS., as did the sulfur compotnds oen ioned above. Complete
data are given in Tabe XXII.

Table XX

Your-Ball Wear Scar Diameters

NIitaozen C2Mounds In Cetane

(1800 rpm. 777F.. five-minute tests)

Wear Scar Dieter., m-
Additive in Cetaiie 35 kg

No" 0.90 1.70
Paphthyl-iante 0.33 2.10
Quinoln te 0.32 1.90

- 71



b4

-- 'ilI i o~1

ii

n(



C- 0 0

0 C;

tv'

t V

I 00000



-44- .4

a ' .'4 0

in.f N ý t.4 in u

-4 a 0N.4

00 C~ c) 0-40

N -4 lod N CM

-R.cooow

a474

.4A

000000 fi,



-4

'46) ~ ~ Efeto -rciya eoa o oa pce

loth~ht-rfiei fel tis"plar cmpnet s uie al, sull

thonpolar compoenth 4acteuaodfomte ulslto and i4o tificttoofth polr cpoundes mof

or the blending af suitable polar materials iato treated fuel will allow a direct
determination of the fuel lubricity temponenti.

In the experiments done to date, the hydrocarbon wee passed through a
three-foot hi&h, one-inch I.ID. column packed with silica Sel. The colum was
packed and quickly covered with the hydrcocarbon to be treated. Percolation was
contiutted until one liter had been added to the column. Thin coliini-treatod
mate~ial was used in various frict~ion and wear tests, after which the polar coot-I ponený &dsorbed at the top of the colum was eluted with a 5OX asthanol-50X
acetone solution. The acetone-methanol was driven off under vacuum and mild

beating to free the "polar component" fraction.I In the initial experiments in this series, the performance of diesel fuel
wsevaluated. The diesel fuel has been shown to contain the highest amount of

sulfur and nitrogen of the fuels to be tested in this program and to also highest
in acidity.

After silica gel percolation, analyses were made to determine the effect
of the treatment on the chemical composition of the fuel. These include sulfur and
nitrogen content and infrared and IMR spectra of the original material, the perco-
lated fuel, and the polar material desorbed from the coltion.

Table XXIII below shows the effect of column treatment on sulfur and
nitrogen content:

TABLE XXIII

Silica Gel Removes Sulfur and Nitrogen Compounds

Original Silica Gel-Treated Column
Diesel Fuel Diesel Fuel Eluate

Sulfur Content, ppm 2,300 0.6 15,700
Nitrogen Content, ppm 14 1 18

* The above data indicate that th..ý sulfur has been effectively concern-
*trated in the polar compono.nt (a sevenfold concentration of the original fuel

would yield a value of 16,000 ppm in the eluate if it were completely removed).
In the case of nitrogen, the situation is not clear since the method of nitrogen
analysis &Ison utilized a column treatment to concentrate the nitrogen. These
analyses are being repeated. However, the analyses do indicate that the more
polar nitrogen compounds have been removed from the treated fuel.
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AU accurate material balance on the die"l fuel has not been obtained
dus to ane rimeotal difficulties. The method of evaporating the eluting solvent
from the polar compoWeUt say have resulted in the loss o some of the lighter
materials Ls this fraction. Future experiments will be designed so as to avoid
this difficulty.

Iall-onocylindor tests have been run on the original diesel fuel and
each of t.A two fractions. These results are given in Table XXIV.

TAILE XKIV

1ll-on-Cylinder Results for Extracted Diesel Fuel

(240 rpm, 32 min.)

Coefficient of Friction Wear Scar Diameter, mm
Treatment Load, g: 60 240 1000 60 240 1000

None 0.12 0.13 0.14 0.21 0.25 0.30
Silica-Gal Extracted 0.22 0.20 0.16 0.24 0.30 0.42
Eluate 0.08 0.13 0.12 0.36 0.47 0.48

The results are somewhat surprising. The friction results are normal,
with the polar eluate giving less friction than the whole fuel and the purified
fraction giving more friction and very erratic traces. But, the wear scars do
not show a similar trend: Both the extracted material and the eluate gave more

wear than the whole fuel. One reasonable explanation of this is as follows: The
absence of polar impurities in the extractet. portion causes high friction and wear;
the concentration of these polar impurities in the eluate gives low friction
because the impurities react with the surface to give an easily smeareble layer;
this layer is easily worn away, however, giving higher wear. This is reinforced by
data on the metallic contact Wt~ch was considerably lower for the column ýluate
than the whole fuel, both at 60 and 246 g loads. This indicates some kind of
surface reaction which may account for .he higher wear. The behavior of the
extract to give low fricti.n buc higner wear is similar to that of certain ad-
ditives in JP-4, as will be discussed in Section V-4.

The second experiment in the series involved the silica-gel treatment of
n-cetane followed by tests similar co those described above. The cetane was of
ASTH purity (Humphrey Chemical Company, 97.5% C 6 ) and was passed through the same
column described previously. (An iatense yellow band developed at the top of the
column during treatment.) The first 100 cc cf treated cetane were immediately run
in the ball-on-cylinder machine; the rest of the cetane was taken off using n-
pentane, and finally the yellow band which had developed at the top of the column
was eluted with the 507. acetone-507. methanol solution. The yield of "polar" com-

poneut ir the cetane was approximately 0.8%. The yellow column eluate was con-
cantrated and separated into two layers. Both samples were analyzed via their UV
spectra. The top layer was identified as a primarily long chain ketone, similar to
2-methyl-3 decanone, the longest chain ketone of known spectrum. It is quite con-
ceivable that this material is a C ketone, an intermediate in oxidative breakdown
of t.-cetane. The lower layer was 4ry similar to this material with the only
obvious difference being the presence of water. It is assumed that these two layers
are a lot.% chain ketone solution and the long chain ketone itself.
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The bell-on-cylinder test conditions using cetane and treated cetane are
similar to those described previously for diesel fuel. (Due to t&.d small amount
of material, no lubricity tests were made on this eluted "polar" component.) The
major differences are (1) the lubricity tests were made imediately upon passage
through the silica-gel and (2) the effect of bubbling pure nitrogen gas through
the system under test was investigated. In one case the treated cetane was pre-
equilibrated with N2 in a conventional gas bubbler while in the other test N was
simply passed through the solution while the ball-on-cylinder test was in prir'ess.
As shown in Table XXV, there seem to be little advantage to this pre-equilibration.

TABLE XXV

Ball-on-Cylinder Results for Extracted Cetane

(32 min., 77*F., 240 rpm)

Coefficient of Friction Wear Scar Diameter i.
Load, g: 60 120 240 _§ 120 4

Cetane 0.09 0.16 0.16 0.20 0,26 0.40

Silica-Gel (1) 0.13 0.25 0.19 0.22 0.61 0.83
Treated Cetane

Cecane 0.15 0.16 0.16 0.21 0.26 0.40

Silica-Gel (2) 0.14 0.15 0.16 0.21 0.41 0.68
Treated Cetane-N2

Silica-Gel (3) 0.13 0.15 0.16 0.22 0.40 0.70
Treated Cetane-N2

Silica-Gel (4) 0.14 0.15 0.17 0.31 0.37 0.74
Treated Cetane

(I) Ball-on-cylinder test run immediately after column treatment.

(2) Test made after one hour equilibration of cetane with N 2 followed by N2
bubbling during run.

(3) Test made while bubbling N2 into solution without pre-equilibration.

(4) Test made on treated cetane 24-48 hours after column treatment.

Two cetane runs are reported since two different cylinders were used in
this series. With the exception of an unusually low coefficient of friction at
60 g for the first cylinder, the result3 indicate good reproducibility of the

* lubricity data.

One obvious conclusion is that wear is greater in the silica-gel treated
solutions at Icads in excess of 60 g. Surprisingly, there is little change in the
coefficient of friction throughout this series with the only significant difference
seen in the silica-get treated naterial which was run immediately after column
treatment.
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The solution yielding the greatest amount of wear is the one tested
immediately after column treatment. This result could mean that the presence of
trace amounts of water auIo dissolved oxygen may be a critical factor since
these species might be expected to equilibrate with the solution through contact
with the atmosphere. Other possible lubricity agents, such as aromatics and comn-
pounds containing hetero atoms, wo~uld not contribute in this Manner. It is
pertinent to emphasise that the increase io wear with the silica-gel treated
mete-.isal over the untreated cetane is much greater than the differences between
the silica-gel treated samples, indicating the potentially large role whimh
aromatics and hetero-atom containing materials might play. Along with analytical
analyses on the column-treated materials, a series of ecperisents are planned to
evaluate the effect of dissolved oxygn on the lubricating ability of the cetane.
Since the levels of interest, both in the case of oxygen and water, are less than
100 pp., now methods of determination may be devised.
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b. Effect of Viscosit: and Temperstur,

(1) Effect of Viscosity

Several pure hydrocarbons of chromatographic 4uality were selected for
studying the effect of viscosity on wear characteristics. Two of them, heptane
and dodecane were tested at 97F. Reptone at 977 (36C) has an absolute viscosity of
0.355 cp which matches that of JP-5 at 30OF (149C). The vLco-ity of dodecane is
only slightly lover tran that of JY-5 at all temperature*. At the test temperature
of 97F, dodecane has an absolute viscosity of 1.15 cp as compared to 1.20 cp for
JP-5. This is 3.25 times as viscous as heptane at 97F or JP,5 at 300F.

The 4-ball vear data are plotted in Figure 25. Both curves are well
behaved, showing an initial stage of almost constant sca 4ize and a no-Mal wear
region with a slope of 0.25. The more viscous fluid, dodecane, shows smalter

initial wear scar and a distinctly lower wear rate of 1 ._l x iO-4 rw•3 'min than the
less viscous fluid, heptane. The wear rate for heptane is 5.06 x i0-4
This observation illustrates that viscosity alone is an important fmctor.

(2) Effect of Temperature - 97 to 183F

Temperature has both direct and indirect effects on the wear of a lubri-
cated system. One of the significant indirect factors is the decrease in viscosity
due to the increase in temperature. Thus, in making a critical study of the effect
of temperature on wear, it becomes necessary to separate the influence of viscosity
change associated with temperature change from the efiect of temperature per se.
This eeparation was accomplished by choosing pure hydrocarbons of chromatographic
quality in a homologous series and selecting their corresponding test temperatures
in such a way that they all have the same vitcosity at their test temperatures.

The three normal paraffins, heptane, octane and nonane have the same
viscosity of 0.355 cp at 97F (30C), 141F (60.5C) and 183F (84C) respecrively.
Figure 26 shows that the four-ball wear rates for these three hydrocar,3o;,s at their

selected temperatures fall practically on one single wear scar size vs. time curve.
Thus, variaLion in temperature from 97 to 183F with viscosity maintained constant,
seems to have no significant effect on the four-ball wear for paraffinic hydro-
-arbons from the same homologous series.

(3) Effect of Temperature - 30OF

For further inciease in test temperature above 183F, oxidation was ex-
pected to cause changes in the test fluid. An atmosphere control atts:hment was
designed, fabricated and installed on :he four-ball wear tester. Argon was used to
keep the test fluid under inert atmosphere during the heating period as well an
during the test runs.

I •1Dodecane was tested at 288F (.t42C). At this test temperature, dodecana
has the same viscosity an JP-5 at the pump inlet temperature of 300F. Test runs
were not extended beyond 15 min because of excessive evaporation lovs at the test
temperature. This also meant the need of a pressurized system for tests at tempera-
tures above 300F. In testing dodecane at 28Uy, the number of test runs for each
fluid were reduced to two because heating-up and cooling-down periods grieatly

- lengthened the time requirement for each test.
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The uppermost curve in Figure 27 show the two points for dodecane at
m• (288F on a to& d vs. 1ln t Ilt They fall ona •straight line of 0.25 slope withwear rate of 111.7 x Mr. I/min, which it much higher than its wear rate at

97Ft 1.16 x 10.4 s 3 /min. 10;l0-fold Increase in wear rate represents the total
temperature effect, which includes the tudirect effect through the decrease in
viscosity. As already shown, the decree p in viscosity alone caused an increase in
wear rate from 1.16 x lO-4 to 5.06 x 10" 1'3 /min. Thus the effect of temperature
increase from 97F (36C) to 2881 excluding the viscosity effect, to a 22-fold in-
crease in wear rate.

('4) Coaparison letween Pure Paraffinic Hydrocarbon and Comercial Fuels

PV.523 is a mixture of C1 tc C1 4 hydrocarbon with relatively high

n-paraffin content. It is the purest one of the ten fuels currently being tested
on this program.

Secaus- it is extremely highly refined it vas tested at 97F (1.23 cp),
and at 311F (0.355 cv) and ccmpared with chrmatographic quality dodecsne at 971
(1.15 cp) and at 288F (0.355 cp).

Figure 28 shows the comparison of four-ball results at 97F. Both fluids
hive practically same wear rate of 1.163 x 10-4 m 3 /miin. At the higher temperature,
PW-523 causes a aligLtly lower wear rate of 93.7 x l0o-4 m3/-in vs. 111.7 x IC-/
in 3 /min. The four-ball data obtained so far show that the extremely highly refined
PN-523 is conparable to the chromtographic quality dodecane in four-ball perform-
ance.

The composition of J'1-5 on the basis of gas chromstogophic analysis is
quite similar to that of IW-523. It does, however, contain quite n;qh amounts of
s-imtpurities. At the high test temperatures, the wear rate for JP-S is 8.5 x 10'4

Sm-in which is only about 1112 of the wear rate for 1W-523 and dodec ne. The
difference is not so large at 97r. JP-5 has a wear rate of 0.60 x 10" m 3lmin
as compared to 1.16 x 10-4 m 3 /min for PW-523 and dodecane.

3
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3. EFFECT OF COMIERIAL ADDITIVES

a. General

In contrast to the effects of viscosity, hydrocarbon type, and trace com-
ponents--all of which are relatively minor--the effects of antiwear additives are
profound. As little as 15 ppm can have a maJor effect on friction and wear. In
this bection are described the evaluation of several antiwear additives in a variety
)f test deices. The main purpose of these preliminary experiments was to determine
the sensitivity of the various test devices to the antiwear additives with respect
to both scuffing and rubbing wear. The experimental results are given below, foi1-
lowing a brief description of the antiwear agents used.

Further work with corrosion inhibitors, including tests at the 15 ppm con-
centration level, were carried out using the ball-on-cylinder device as parc of the
invebhLgLalon of the field control-valve problem that is discussed in Section V-4,
following.

b. Antiwear Agents Used

(1) Tricresyl Phosphate (TCP) - TCP is a well-known antiwear additive that
forms iron phosphate on the rubbing surfaces, which apparently accounts for Its
lubricating properties.

(2) Zinc Dialkyldithiophosphate (ZnDDP) - This is a comn mild-EP additive
widely used in -otor oils. It has the formula FRO)2 FrSJ 2 Zn and is made by re-
acting an alcoho with P2 S5 and then neutralizing the resulting acid to form the
zinc salt. In ,is case the alcohol was a C4,-C, mixture. The mechanism of this
additive has not been determined, but it apparently decomposes thermally and then
reacts with iron at the rubbing surfaces.

(3) Bright stock is a highly-refined paraffinic residuaum with a viscosity
of 1000 cp at 77"F.

(4) The remaining additives to be studied in the program are all of a
prop'Aetary nature and will henceforth be coded as E:2-I, ER-2, ER-3, etc. This
coding will remain the same throughout the contract voil., and as new additives of a
proprietary nature are added to the program, new numbers will be assigned.

c. Ball-on-Cylinder Tests - Additives Reduce
Wear, Friction, and Metallic Contact But
Not all Simultaneat'sly

The ball-on-cylinder maachi.ne, has bree used to evaluate :ariou- a:.ýiwear
aee-,% as 0.O10.-17 solutions in cerane. Since ca'tane has relatively poor loAd-
--ar ability, the test loads were limited to 240 g. The metallic syst.-m cn-
sis. a 5210-0 steel ball and cylinder combination with all :uns mide at room

tetmprature and 24i0 rpt. -he values reported were taken at tne end o! 32 minute'-
The coel.iciert of friction, percent metallic contact, and the wear scar diameter
for these runs to dat- are summarized in Table MXVI.

The general .-onclusiot- Lhat can be reached based on these data xnd. the
fol lowin'g:

* For additives ER-1 and TCP a significant reduction in 1?

metallic contact is noted at all loads.
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7 o 9The U-1 solutions reduce thti coefficient of friction
over th* best case at all loads.

3-3 csause& a reduction weer sctr diameter over the
bass case at all loads; at 1% concentration it causedj . a rdu,;ton in the cospfficient of friction.

It is interesting that none of the additives were goot" in reducing all

three of the Pasured values--friction, wear and metallic contact. This illistrates
the importance af eatabUshing proper correlations be;ween laboratory and field
t.esti. 1es test is particularly useful t n investigating the low-load regin*.

I" TABLE )MI

Bl-on-Cylinder Test Results for Additive Solutions

240 g, 240 rpm, 32 min., 77"F.

% Add. in Cetane % Metallic Contact Coeffic.- Frict. WSD, m
Load: 30 60 120 240 30 60 120 240 30 C0 120 240

None 49 68 87 94 ,10 .13 .13 .14 .20 .22 .24 .26
M0 ER-3 50 75 87 91 .08 .10 il .11 .17 .18 .i9 .21

0.2 ER-,3 53 72 9! 97 .15 .13 .11 .11 .19 .21 .20 ?2
1.OW•*,3 45 71 84 92 .08 .08 ý09 .09 .17 .18 .19 .20
0.1 ER-I 13 21 27 55 .09 .09 .i0 .10 .18 .22 .26 .30
0.2 ER-i 13 30 47 41 .08 .22 .09 .09 .18 .24 .25 .27
1.0 ER-I 10 11 17 27 .06 .09 .09 .09 .20 .23 .25 .28
1.0 Brigh( Stock 53 77 81 95 .19 013 .15 .17 18 .22 .25 .27
0.2 TCF 0 0.6 0.6 1.2 .21 ,11 .13 .14 .13 .22 .24 .26
0,2 ZnDDP 62 83 99 IC0 .2 .15 .16 .15 .17 .21 .24 .29

d. Four-lAll Tests - Additives Have Little Effect
on Scuff Lt..d but Decrease Wear at Low Loads

A srries of commercial antiwear ageu ts were tested as 0.1%. solutioc-s in
n-cetane at room temperature in the four-ball norne! wear tester. Those tested so
far are TCP, ZnDDP, ER-I, ER-2, .nd ER-3. All tests were of five minute duratLon
&t zhrce different speeds and loads up to 80 kg.

The load conditions art such that a nortmal toear situatLon is present at
the 14vsst load (10 kg) while a severe catastrophic regime is present at tVe
heaviest load (80 kg), Runs at 100 kg load were attempted bu,: wear wms ncr repro-
ducible, the liquid became quite hot and the spindle speed was questionabLe. iience,
loading was limited to 80 kg. The wear scar diameters for the runs at AC-, 1200,
*rd 1800 rpm are rabulated in TebleXXVII.

The chief purpose of 1this series of tests is to determin(. the scuff load
or sah•ure load, that is, th.e !oad at which nornal wear charges to scuffing wear.
in general, there was no significont iinprovemenc it-the scuff loads for any of the
adlitivej. 7hia fact is significant Lecause there additives are known to be effect-
ive in hyder gear rest3 and in field pump experience.
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On tlie other hand, tost of the additives did reduce wear in the low-load
range el 10-2.0 kj. i.is .-adqction vas MCst apparent at the lovest speed (600 rpm).
ER-2, ER-3, and z..IDiP itpeared to retain their antiwear activity to higher loads
than TCP or EX-1. Table XXVIX illusa•ttes this poiut.

TABIZ XXVII

Four-Ball Wear Test Results Vor Additive Solutions

Wear Scar Diameter, m

7% Additive in Cetane 20 2k 30 kg 50 80k

600.Iý :pm min, Room Temp.

0.1% ZrtDDP 0.23 0.27 0.32 0.39 1.23
"O. 1% TGP 0.28 O.:'2 0.34 0.74 0.87
0.17. E,,1 t,.27 0.31 0.34 0.96 0.83
0.1 ER-2 0.24 0.29 0.32 0.59 0.84
MIO. LR-3 0.24 0.3-.. 0.36 0.39 0 "9
Wmne 0.33 0.43 0.53 0.60 0.16

1200 rpm, 5 min. Roc4u Teim.

0.1% ZnDDP 0.25 0.31 0.40 1.01 1.06
- 0.1% TCP 0.30 0.34 0.69 0.66 2.00

0.1% ER-I 0.29 0.37 0.68 0.81 1.84
0.17. ER-2 0.27 0.29 0.31 0.59 2.14
0.1T' ER-3 0.24 0.28 0.36 0.54 1.96
Non 0.37 0.53 0.57 0.67 2.10

1800 rpm, 5 min, Room Temp.

0.1% ZnDDP 0.29 0.29 0.68 1.06 1.87
0.1% TCP 0.33 0.60 0.55 0.74 2.40
0.1% ER-1 0.30 0.37 0.62 1.87 2.09
0.14 ER-2 0121 0.31 0.47 2.10 2.07
0.17 ER-3 0.25 0.28 0.33 1.94 2.38
None 0.35 0.55 0.60 1.70 2.30

f
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a. Ryder Gear Tests - Lubricity Additives
Gceatly imrove Load-Carrying Ability

Three jet fuel lubricity additives have been evaluated in the Ryder test
at 0.1% concentration in layol 35. These were run at 5#/10 minute increments. All
showed a pronounced improvement in load-carrying ability as shown in Table XXVIII.

TABLE XXVIII

Additives in Ryder Gear Tests

Scuff Load, #/Inch
7. Additive in Bayol 35 Single Test Average

None 339,678 508
0.17. ER-1 665,953 809
0.1% ER-2 1368,720 1044
0.1% ER-3 1299, 1126 1212

Although there is an appreciable scatter between sides for ER-1 and ER-2,
It is apparent that all additives significantly increase the load-carrying capacity
of tne base fuel. It also seems that ER-2 and ER-3 are somewhat superior, under
these conditions, to ER-l.

f. Vickers' Vane Pump Tests

(1) One Percent Bright Stock in Bayol 35
Increases Load-Carrying Capacity Somewhat

it was learned from our field survey that the lubricity of the fuel night
be improved by merely adding smail amounts of a heavy oil to thi fuel. To investi-
gate this possibility, a series of pump tests was made using a blend of 1% (by weight)
of bright stock in Bayol 35. The bright stock is a solvent-extracted, deasphalted,
and dewaxed reaiduum of 10.3 poise at 77°F and 103 VI. A comparison of these test
results with those obtained from the previous test using the base fuel is shown in
Table XXIX. Under the experimental conditions of 90 0 F and 350 psi, the scuffing
wear was eliminated. But, under more severe conditions of either higher pressure
or higher temperature, scuffing wear %s again observed. Previous tests indicate
tha, addition of 1% ER-3 esentially eliminated the wear and gave satisfactory oper-
ation under all these conditions. Previous pump wear data with Bayol 35 alone at
90OF indicate that the prcvable transition from rubbing wear to scuffing wear occurs
at a pressure of 200-250 psig. The addition of the heavy oil therefore shifts such
a transition to a pressure between 350 psig and 430 psig. Since the load for the
sliding contact between vanes and the ring surface is a function of outlet pressure,
it may be interpreted that the addition of the heavy oil is advantageous to shift
th'e transition load for scuffing wear.

In pump tests with 1% bright stock 4n Bayol 35, the volumetric efficiency
was notably increased, and a varnish-like mates lal was deposited on most parts of
the pump cartridge. This deposited material, which appeared much more viscous than
the bulk fuel, might contribute to the increase of the load-carrying capacity. The
presence o( these viscous materials on *he rubbing surfaces might also account for
the reduction of the internal leak-ge so as to improve the volumetric efficiency.
It is anticipated, however, titat the tendency to form deposits may lessen the chance
in satisfying the thermal stability requirements.
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(2) Additives Show Pronounced Antiwear Effect

(a) E.P. Additives I

The well-known antiwear additives, ZnDDP and TCP, were tested in the
Vickers' vane pump at a concentration of 0.1% (by weight) in Bayol 35. The test
conditions were the same as or more severe than that under which a very severe wear
occurred with Bayol 35 alone. The results, shown in Table XXIX, indicate that both
additives prevented wear almost entirel- in all cases. The surface finish was im-
proved and volumetric efficiency was high.

in the pump tests with TCP and ZnDDP, a thin film was coated on the sli-
ding surface of each vane and could not easily be removed by mild abrasion and
heating in solvents. Figure 29 shows the photomicrographs of these surfaces together
with those of a new vane and a vane used in a pump test using the base fuel, Bayol 35.
With Bayol 35 alone the occurrence of gross wear is evident; the wear tracks and
fragments adhering to the surface are clearly seen in the photomicrograph. The de-
posited films formed by the additives are also clearly shown. This accounts for
their antiwear effect. Recent published data on TCP supports the postulation of
phosphate formation on the metal surface. No similar data are available for ZnDDP,
but the texture of the deposit from these two additives is quite different. The
different characteristics of these deposits may cause the different extent cf
effectiveness of these additives shown in the pump tests.

(3) Jet Fuel Additives

Four jet fuel additives were tested in the Vickers' vane pump at 1000 ppm
and/or 50 ppm concentrations (by weight) in Bayol 35. The test conditions were the
same as or at a higher temperature than that urder which severe wear occurred with
Bayol 35 alone. Ai shown in Table XXX, all ore effective in reducing wear with
reference to the base fuel.

At 1000 ppm concentration ER-2 and ER-3 are somewhat more effective than
ER-l in that ER-l gave higher initial wear and roughened the rubbing surfaces. This
difference became more evident at lower conc entration (50 ppm) where Bayol 35 con-
taining ER-I gave considerably higher wear than Bayol 35 containing ER-2 and ER-3.
A deposited film was observed on the contact surfaces of the vanes for all these
additive fuels giving low wear, < 100 mg weight loss. This could account for their
antiwear effect.
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4. LUBRICITY OF JP-4'S AND EFFECT OF CDRZIOSION INHIBITORS

a. Background

During this reporting period, information was received from one of the
jet engine manufacturers that malfunctioning of a ̀ Uel -control valve was occurring
in the f ie '.: This trouble seemed to have started at about the time that certain
changee haj bcen made in the jet fuel at the critical location, one of the changes
being that the corvosion inhibitor had been omitted.

To determine whether additives in this low a concentration could have
such a pronounced effect, some initial tests were run on the ball-on-cylinder
machine. r..e results indicated that corrosion inhibitors in concentrations as
low a, 15 pjim (C.0015%., 4#/1000 bbl.) could indeed reduce friction, wear, and
metallic contact quite noticeably. Because of the importance of the field
problem, the effect of corrosion inhibitors has been investigated in some detail.
Thslil. atigation is also important to the present overall progr because the
level of additive was much smaller than had previously been considered to have a
pr-ýCtica1 effect on lubricity. In earlier work, 2,000 ppm of lubricity additives
had been found to be required for outstanding gear test performance and 600 ppm
for moderiately good performance.

!.wo new elements were introduced by the fuel-control valve problem:
(1) load-carrying ability was not the issue, but rather the reduction of friction
(reduced adhesicm) between closely lapped metal surfaces carrying essentially no
load, (2) highly-refined JP-4 fueli could be made comercially which had essentially
no lubricity whatsoever. A ccomfination of a "squeaky clean" fuel, no surface-
active additive, and a mechanical system capabde of high adhesion could cause
serious sticking problems. The dJe ta reported here is organized as to technical
format and not as obtauined chroralogically.

b. Non-Additive Fuels

Three JP-4 fuel samples from three USAF bases were supplied us by WPAd
one of these bases (coded A) was from the site of the fuel-control valve trouble.
This fuel was found to give substantially higher wear than the other two in the
ball-on-cylinder machine, using a steel-on-steel system. Friction was also higher
and mach more erratic. These results are given in Table XXXI.

TABLE MXI

Ball-on-Cylinder Results for JP-4os-I

Steel-On-Steel. 240 rp~m, 32 min.

Weat Scar Dialeter, mm Cobe. ofes t iction

JF-4 Fuel 2 40: gk I0 ka.L k

A .31 .49 .58 .14' .16' I38
B .23 .33 .38 .18 .15 .18
C .22 .27 .34 .13 .15 .181 - Friction more erratic with Fuel A.
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As a result of the ability of the ball-on-cylinder rig to distinguish
betwen fuels, several other XP- were sent us for evaluation. Two Vere furnished
us from one engine manufacturer that had reported sa high friction and sticking
with these fuels in laboratory engine tests. Three wore from another engine manu-
facturer who bad had serious fligtt performance reported on two of the three.
Finally, four additional JP-4's from four more UW bases were sent by WPAF. The
compoition of thee fuels was not known, nor were there any data on what additives,
if any, the fuels contained. Although thse data could probably have been obtained
analytically, it did not appear that this informstion would be any particular ad-
vantage over the informstion already being obtained on the ten cmercial fuels.
The data are being reported here only to illustrate that major differences are
found mong J-4's used in the field. In evaluating these fuels on the ball-on-
cylinder test, it was found that the wear scar on the ball was an accurate reflec-
tion of the frictional behavior. This therefore became the standard method of re-
porting the data. Uowever, in all cases, the friction traces were closely compared
to ensure that the wear scar was in fact indicating the amount of friction. For
additivi fuels this correlation between wear and friction did not hold, as will be
shown later.

Table XMI gives the relative pý-rformance of these JP-4•s. Fuel F was
clearly the worst of the fuels, with Fuel C nearly as bad. These two fuels had
the most serious problems reported from the field. Their frictional traces were
extremely erratic, often going off-scale. At the higher loads the behavior was
so bad that the tests had to be terminated to avoid damaging the spring in the
friction-measuring apparatus.

The differences in performance cannot beascribed to viscosity, for most
of the fuels were between 0.9 and 1.0 ca. Of the two lowest viscosity fuels, one
was quite poor in lubricity, the other was our Reference JP-4 which is exception-
ally good. Viscosity at 77F are given in the last column of Table XXXI, and it can
be seen by inspection that there is no correlation.

It Is evident that current refining practices can give a fuel that is
extremely pure as far as lubl!Acity agents are concerned.

c. Oxidation Inhibitors

A distillation of Fuels A, 3 and C revealed that the bottom& from Fuels
B and C developed a pink color in methanol. This was shown photospectrometrically
to be caused by the oxidation inhibitor--N,N'-dialkylparaphenylenediamine--used in
these two fuels. To determine whether this additive could have caused the differ-
ence letween Fuel A and Fuels I and C, a brief study was carried out.

Using r'uel A as a base, the effect of 30 ppm of N,N'-dieecondary-butyl-
paraphenylenedimaine vas determined in the ball-on-cylinder rig. The results,
given in Table XXXIII, show no decrease in veer scar, nor was there a difference
in metallic contact. Friction was quite erratic in all runs, but soaewhat smoother
and at a slightly lower level with the additiwe.

Similar tests were carried out in cetane, using 7.5 and 30 ppe of the
additive. Again there was no change in wear or metallic contact and in this catf
the friction traces were actually more erratic than with cetrae alone.
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~ TAJk mXIII
Antio-idant IR -on Effect on Lubricity in

b- ll-oa-Cylinder Tests

* (Stetl-on-Steel, 240 rpm, 32 min.)

WSD. -

FM. . .... L ,40,

SP-4 A 0.24 0.33 0.46

A + 30 ppo N,V'-d1secoodary-1,`jtyl- 0.26* 0.35* 0.48*

parap-hny1enedimain*

Cetane 0.21

Cetane + 30 ppa sme 0.2 *

Cet•ne + 7.5 pps M tm.Le

Cetane + 7.5 uti N,N'-disslicylidene 0.21*-
1,2 propsnediaaine

* Friction suewha., less.
** Friction somewhat gre.ter.

It is appare-Z frc the data ther ie lower friction of fuels B and C is
not due to the presence of this antioxida.t.

A retal deactivator (,N'-dis-lic idene 1,2 propanediamine) was also
tested at 7.5 pps and also was found to hay no effect on lubricity. This is also
shown in Table MIfIXI.

d. Corr-,ion Inhibitors

(I) Initi&! Study of Two Comercial Additives

The chicf tulsptct in the sudden rash of field prcbleus seem•ed logically
"o b the absence of t'he co-rosion inhib'ors. These materipls are strong surface-

active agents, and therefore vould logically be gocd antifriction agents. In fact,
it is precisely azeir surfactant proper:ies that led to tis.er rew-_,val in the fir~t
place, for they s.riously interfere with water-haze removal. Alsi, it is u-<'l-
kncwn that anti-ear agents frequently impart rust inhibition to oi's.

In the litial inveatigation two rust inhibitors, coded R-46 and ER-5,

w," ýo tudied in detail. Those two additives are entirely differei, in chemical co'-

.- pjition and, as will b seen, perform quite differently as antifr-c.tion ad-itiver.
La.ly ba.,-cen-cytinder t~st• lied indicated these two additives both greatly reduced
friction -f a hi,.hly put fir. fuel. This was confirmed by tests carried oq.: by a
jet engin# manufacturer, whs:* szickinSg of the fuel contrcl reailted vhten a nor.-
addit ye fue! wa, used, .but :'-uld be unstuck if the fuels were ,harnged to one con-
tainý.g cne of these corrosion. inhibitors. The agreement between these tw. rest
methods greatly increased It confidence in each method alone.

96-



Ball-on-cylinder test data are summarized in Tables XXXIV and XXXV. It
will bo seen that both ER-4 and ER-5 reduce friction. with ER-5 being perhaps soi•i-
what better. ER-5 also reduces the wear scar as would be expected, inasmuch as it
decreases the adhesive friction. This behavior is consistent in two JP-4's and
cetane.

ER-4 obviously works in a different manner than FR-5. Although it is
about as good as ER-5 in reducing friction, it actuallv causes an increase in wear.
the increase becoming greatex at higher cencentrations. At the same time, the
metallic contact (measured by electrical resistance) decreases to zero, indicating
the formation of an insulating layer between the rubbing surfaces. The higher the
concentration of ER-4. the e'ore r'apidly the metallic contact decreajer to zero.
These data are suma-mrized below in Table XXXVI.

TABLE XXW!I

Effect of ER-4 Concertration on Bit-on-Cylinder Results;

(Steel-on-Steel, 60 g, ?40 rpm)

Time for Metallic Contact Coeffi'.int
EF.-4 in Cetane W to Decrease to 10%. minutes of Friction

None 0.21 -- 0.17
50 pp, 0.21 18.8 0.14
500 ppm 0.25 8.5 0.14
1% 0. 28 1.7 0.14

The action of ER-4 is similar to that of most EP additives. These are
knownc to react rapidly with fresh metal t-, form an i'-rganic or partly inorganic
layer, usually a sulfide, chloride, phosphate o, similar compounds. This ccmpound

reduces adhesion and friction, but is soft and easily .i-rn away. By reducing ad-
hesion, these additives prevent scuffing buZ only at the exoen;e -f sactificial
wear. It is evid,-nt from the data on ER-4 that ., wear scar diameter of such
additives is no indication of thvir ani-fr ictiot. activity.

The data in Tables XXXIV :.__ XXTV show that goý-" anti-friction behavior
is Qbtained in -most cases with as little as 50 npo. However, with Fuel F, '-biach

is exceptionall pout i.n lubricity, 5 pp- wa- not eaouot- to bring this ful to the
level of other JP-4's and 25 ppm of ER-5 asvc a failure at 240 R load.

It is in.eresting that the cirrosion-inhibitor FR-5 was abouxt as good a
lub-icitv additive as the antiwear additive EFR-3. Hc-4'evtr, oleic acid was _V-n
better. On the other hand, addin. 17 of a very high vi-cos'•ty •etroleum stock,
ER-6, was ccvpletely ineffective. Thnis material *",• not contain any suri.-r--
active cwpoun'is, ant the test 's amaiogc•us to addi'n;i heav-1 aviati--n oil to tbh.
fuel It is obvio_: that in this te~t the surface-acti-t propwrties are impo.rta-".

These tests differ frcw the actual fuel c'-ntrol uni. it, thr-e ways:
(I) the metals are stwei--n-rteI vberi-ag in the fi. I control both ssxrfaces are
hard-anodired al~trirma, (2) the speetd is coastant. wtereas the pitt__n it. the tue1
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control is subjected only to peaiodic motion, and (3) the ara of contact is very
mall and the Hertz load relatively high.

In order to eliminate the first difference, 41500 aluminum cylinders and
4122C aluminum buttonx were fabricated and hard anodized. These coatings are much
harder then hard steels. Hard anodized aluminu, has a surface layer of corundum,
rating 9 ou Mch's scale of hardness, which is very roughly about 85 Rockwell C.

ThQ first attempts to get an anodizd euriface was with aluminum balls and
cylin•ers that were on hand. The alloys were high in copper, and difficult to
anodise. The oxide surfaces were poorly adhered. Even so, tests on these parts
showed qualitative agreement with the steel-on-steel tests. In comparing the three
JP-4's, Fuel 4 gave a bigger wear scar on the ball, showed some flaking on the
cylinder track, and had high and erratic friction throughout the test. Fuels
3 and C gave mallex scars, and much smoother friction traces for the first 20-25
minutes when thmqy, too, becme erratic. Fuel A with 50 ppm of either ER-4 or ER-5
was considerably better in both wear and frict'on. These data are suumarized in
Table XXXVII.

TABLE XXXVII

Bal!-on-Cylinder Results - AnoLzed Aluminum-I
(Anodized Al (AA-2017) on Anodized Al (AA-2024) 30 g, 60 rpm, 32 min.)

f uel WSD. mm Friction

A-i 0.78* High-erratic
B 0.71 Low-smooth for 25 min.
C 0.69 Low-smcoth for 20 min.
A-1 + 50 ppm ER-4 0.53 Low-smooth for entire test
A-I + 50 ppm ER-5 Hot defined Low-smcoth for entire test

'd Track shows flaking of anodizei surface.

These tests were repeated on another cylinder with the same relative re-
cuars, although at a different absolute level, due apparently to irreproducibility
of the anodized surface. The frictional traces were aiso different; in this series
the coefficient of friction rose rapidly during the first few minutes, then fell off
to a steady value of 0.20. The most apparent differences between fuels were the
maximum level reached in the early part of tho test. as shown in Table XXXVIII.

TABLE XXXV I-.:

Ball-on-Cylinder Results - Anodized Aluminum-Il

(Anodized Al (AA-2017) on Anodized Al (AA-2024) 30 g, 60 rpm, 32 min.)

Additive in Fuel A-2 Max. Coeff. of Friction

None 1.5 0.57
1% ER-6 1.4 0.43
50 ppm ER-4 1.5, 1.4 0.53*
5O ppm ER-5 1.0 *
50 ppm Oleic Acid 0.63 *
100 pym Oleic Acid 0.33** *

* Scar undefined.
** Frnction also less erratic.
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It is worth noting that U.-4 did not give a larger wear scar, as it did
with steel. Its reaction with A12 03 is obviously different. ER-6, the heavy
petroleum stock, again was relatively ineffective even at I when compared to
ER-3 or oleic acid at 50 ppm. ER-3 at 100 ppm (so chosen to have the same eut.
Jo. as 50 ppm oleic acid) was considerably better. Obviously more work is needed
here at different concentrations, surface interactions, loads and speeds.

The additive tests were repeated using low-copper aluminum a| loys (4150C
& 4122C) also hard anodized. The surfaces from these alloys were much smoother,
blacker, and more adherent. The addit•ve performance, however, was nearly iden-
tical to the previous tests as shown by the results in Table XXXIX.

TABLE XXXIX

Ball-on-Cylinder Results - Anoaized Aluminum-III
Hard-Anodized Al (Bendix alloys, 4150C & 4122C) 32 min.

Coeff. of
WSD m- Friction

Load g 30 120 240 120 240
Speed rpm 60 60 240 60 240

.kdditive in JP-4
A-2

None 0.33 0.43 0.62 .126 0.142
50 ppm ER-4 0.28 0.40 0.66 .122 0.141
50 ppm ER-5 0.22 0.31 0.52 .106* 0.154*
100 ppm ER-3 0.20 0.32 0.54 .099* 0.140*

* Much smoother friction trace.

ER-4 was not a pro-wear additive, but it was not as effective in reducing friction
as either ER-5 or ER-3. Again it indicates that ER-4 works with steel by reaction
with the surface. With A1203 this reaction is impossible and its effectiveness is
much less. This points up tIe fact that good performance in friction and wear is
not solely a property of the fuel (lubricity), but rather is a joint property of
the fuel and the surface, interacting together.

To test possible stick-slip behavior at slow speeds, still using anodized
aluminum, ball-on-cylinder rig was modified by using a reduction gear in the drive
mechanism, and driving through a loosely-coupled magnetic coupling. The combination
of slow speed and non-rigid coupling gave very pronounced stick-slip. Motion con-
sisted of a series of jerks 1.2 mm long, one every 8 secont'i or so. Static friction
was about double the dynamic friction.

This test technique showed only minor differences among fuels and addi-
tives, although what differences were found agree qualitatively with the higher
spec,' runs. Fuel A was worse than B or C. Fuels A and b responded to ER-4 and
ER-5, with ER-5 being better.

1- 01 -
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It appears that the small area of contact may be defeating the correla-
tion of this test with fuel-control-valve performance. Lapped in surfaces of
about I sq. cm will be experimented with.

(2) |xension Study of Miscellaneous Corrosion Inhibitors

Several other approved corrosion inhibitors have also been evaluated as
lubricity additives and compared with those given in Table XXXIV. Although
there are same differences among them, all appear to reduce friction and wear of a
steel-on-steel system. Presumably, based on the experience of ER-4 and ER-5,
they will also be effective in other systems as well. The wear measurements from
the ball-on-cylinder tests are given in Table XL. Two of the additives, ER-4 and
IM-7, are known to be of similar chemical composition and apparently act by reaction
with the surfaces as evidenced by the increase in WSD. At 15 ppm these two addi-
tives are barely effective, reducing friction only slightly. The other additives
reduce friction in proportion to their reduction of wear.

The results for isooctane given in Table XL demonstrate the effective-
ness of the additives more clearly since this material is purer thon the JP-4's.
The JP-4 fuels undoubtedly contain polar materials that provide lubricity and tend,
therefore, to mask the effects of the additives. No attempts have been made to
determine the chemical composition or surface reaction characteristics of these
additives. None of them appear to give as good a performance as ER-3, ER-5, or
oleic acid.

TABLE XL

Lubricity of Approved Corrosion Inhibitors

Ball-on-Cylinder Tests, Steel-on-Steel
240 rpm, 32 Min Wear Scar Diameter, Min.

Additive 15 opm in Ref.JP-4 15 pv. in Isooctane 50 ppm in JP-4 D
1000 240 6t 60 i

none 0.39 0.41 0.60 0.72 (1) 0.29 0.27
Oleic Acid 0.28 0.30 0.21
zR-3 0.31 0.31 0.27 0.32 0.24
ER-4 0.45 0.45 0.46 0.28
31-5 0.30 0.33 0.28 0.32 0.22
ER-7 0.46 0.45 0.21
ER-8 0.35 0.39 0.22
ER-9 0.32 0.37 0.21 0.22
ER-10 0.31 0.36 0.21 0.22
31-11 0.33 0.36 0.20

(1) Test discontinued at 20 minutes when rubbing wear gave way to scuffing wear

I:I
i(noted by a sudden rise in friction and audible rubbing vibration).
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SECTION VI

SUM MARY AND CONCLUSIONS

A field survey of engine and pump manufacturers indicated that there is a
potential problem whenever jet fuels are the only source of lubrication in pumps or
controls. Problems encountered included wear, scuffing, sticking, seizure, and
fatigue pitting. A literature survey confirmed that the problem existed but failed
to pinpoint the causes.

The seizure of some aircraft fuel controls that occurred late in 1965 after
corrosion inhibitors had been left out of the fuel blend and the elimination of this
seizure problem by reintroduction of corrosion inhibitors at the 15 ppm concentra-
tion level, gave a clear indication that the presence of surface-active agents at
this low concentration could have a very marked influence on the lubricity proper-
ties of jet fuels. Tests carried out under this contract on the ball-on-cylinder
machioe _ .......... -: device was quite capable of distinguishing both between
those fuels that had caused field seizure problems and those that had not, and also
between the poor lubricity fuels and the same fuels with 15 ppm corrosion inhibitors
added. Comparative wear data from the ball-on-cylinder, four-ball, and Vickers vane
pump tests for the ten commercial fuels tested in this program showed that there was
general agreement between these devices in the normal wear regime. Although it has
yet to be demonstrated that the latter two tests can match the sensitivity of the
ball-on-cylinder device to small differences in lubricity, it is clear that we do
possess the test instruments necessary to evaluate Jet fuel lubricity under a number
of different rubbing wear conditions.

In keeping with the observation that traces of surface-active agents re-
duce friction significantly, the results of this program indicated clearly that the
more highly refined fuels (lowest concentration of tra;.e polar components) offered
the least protection against wear, seizure, etc.

All E.P. additive and corrosion inhibitors tested contributed some form of
lubricity aid to thcse fuels and solvents that were demonstrably lacking in lubrici-
ty properties of their own. Howev.jr, some differences in the mode of action between
additives was found, which may be very important in the choice of additive used to
cure a given field problem. For example, two additives were found to reduce fric-tion but increase wear in the ball-on-cylinder test when run in JP-4 fuels. Thus,while these additives may be suitable for eliminating seizure problems under con-

ditions of occasional motion, they could be most unsuitable for conditions of con-
tinuous rubbing yeas.

Five test devices are available that are potentially able to test the
lubricating properties of fuels under scuffing conditions. These are the four-ball,
Falex, and Ryder gear machines. The Ryder gear machine was able to detect the
effect of high (•-0.1%) concentrations of E.P. additives in jet fuel, but, due to
the nature of the test, was not capable of detecting mall differences in lubricity.
The Falex scuff test was Able to separate the ten commercial fuels into two broad
classes. The first group consisted of the highly refined fuels that had already
shown poor antiwear properties and these also showed the poorest antiscuff pro-
tection. The second group consisted of the less highly refined fuels, and these
showed the better antiscuff properties just as they had shown the best antiwear
ptoperties.
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It ik difficult to tell at this stage of the work why it was not possible
to differentiate the ton fuels in a more detailed manner. It may be because the
polar materials in jet fuel do not provide antiscuff protection or because the test
deviess are too inLseeitive to detect the differences. This question may be resolved
by test& under scuff conditions using the ball-on-cylLnder and four-ball machines.
It does mom clear, that higher additive concentrations than the 15 ppm that gave
wna prootection, will be needed to give scuff protection since, at this low concen-
tration level, a deficiency of additive is likely to develop at the working metal
foesm if nm mital is continuously being exposed.

i ,
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I
SI[MTOI VII •

Work over the next year is expected to be along four lines.

(1) The trace compounds present in fuels will be examined further to
find which is the most effective in improvirg frictioc and wear performance. This
will include both adding compounds to the fuel and separating and identifying fuel

components.

(2) The effect of tesmperature oc fuel performance and particularly on
ld-itive performance will be elucidated.

(3) The iWportance cf dissolvcJ oxygen and water will be determined.

(4) Attempts will be made to dCscover the mechanism by which additives
and trace constituents reduce wear and friction.
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